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Abstract
In the power distribution industry today, utility companies are trying to come up with a solution
to increase the efficiency of distributed power. One way of achieving this task is by improving
the power factor of a system by adding power factor correction capacitor. Power factor
improvement is a very important aspect of power distribution. Without a good power factor,
there cannot be an efficient means of transporting energy over long distances due to the losses
associated with moving power through a wire. This action has led to multiple studies on power
factor correction. In order to achieve maximum efficiency, we had to increase our power factor
as close to unity as possible. Power factor corrector (PFC) is usually achieved by adding
capacitive load to balance the inductive load present in the power system. The power factor of
the power system is constantly changing due to variations in the size and number of the motors
being used at one time. This makes it difficult to balance the inductive and capacitive loads
continuously. Wasted energy capacity, also known as poor power factor, is often overlooked. It
can result in poor reliability, safety problem and higher energy costs. The lower your power
factor, the less economically your system operates. There are many benefits to having power
factor correction. As a customer the cost doesn’t get passed on for having a low power factor. As
a utility company, equipment has a much longer life span and maintenance costs remain low.
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Chapter – 1
Introduction to Power Factor Improvement
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1.1 Introduction
In electrical plants the loads draw from the network electric power (active) as power supply
source (e.g. personal computers, printers, diagnostic equipment, etc.) or convert it into another
form of energy (e.g. electrical lamps or stoves) or into mechanical output (e.g. electrical motors).
To get this, it is often necessary that the load exchanges with the network (with net null
consumption) the reactive energy, mainly of inductive type. This energy, even if not immediately
converted into other forms, contributes to increase the total power flowing through in the
electrical network, from the generators, all along the conductors, to the users. To smooth such
negative effect, the power factor correction of the electrical plants is carried out. The power
factor correction obtained by using capacitor banks to generate locally the reactive energy
necessary for the transfer of electrical useful power, allows a better and more rational technical-
economical management of the plants. Moreover, the present spreading of direct current users,
such as electronic circuits and electric drives, involve the generation of current harmonics which
are injected into the network, with the consequent pollution and distortion of the waveforms on
other connected loads. Therefore, the use of harmonic filters, both of passive as well as of active
type, contributes to improve the overall power quality of the network, carrying out also power
factor correction at the network frequency, when such filters are properly sized. This technical
paper has the purpose of analyzing these problems without going into technical details, but,
starting from the definition of power factor correction, from an analysis of the technical-
economical advantages and describing the forms and modalities to achieve power factor
correction, it wishes to guide to the convenient choice of the devices for the switching of the
capacitor banks and the filtering of the harmonics. In fact, after a first descriptive part, the ABB
offer is illustrated in terms of power factor correction devices, intended not only as suitable
capacitors, but also as those devices able to carry out switching and protection of the capacitor
banks. Besides, some solutions are given for both the passive and active filtering of the current
harmonics generated by distorting nonlinear loads. To integrate this technical paper there are
annexes providing:
• Tables for the quick choice and coordination of circuit breakers and contactors for switching
and protection of capacitor banks of a determined power;
• Indications on how the reactive power generated at the variations of supply voltages changes
and necessary considerations to prevent reactive power from being injected into the network;
• Considerations on power factor correction and filtering under distorted steady-state conditions
to point out how canonical power factor correction implies a reduction of the value of the
harmonics present in the network;
• Descriptions of the voltage and current characteristics during the switching on and discharging
of capacitor banks;
• Considerations on power factor correction in photovoltaic plants; [1]
1.2 What is Power Factor?
AC power is transmitted with the least losses if the current is undistorted and exactly
synchronized with the voltage. Light bulbs and resistance heaters draw current exactly
synchronized and proportional to voltage, but most other loads tend to draw current with a time
lag (i.e. phase shift) or to distort it (i.e. introduce harmonics). It takes more current to deliver a
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fixed amount of power when the current is phase shifted or distorted. The ratio of the actual
power transmitted (“real power”) to the apparent power that could have been transmitted if the
same current were in phase and undistorted is known as the power factor. It is always less than or
equal to 1. Power Factor = Real PowerApparent Power
Before the growth in electronic loads, such as computers and adjustable speed motor drives,
distortion was only a minor problem. Instruments and analysis techniques for evaluating power
factor were devised only to consider the phase shift component of power factor. Phase shift is
measured in degrees, but it is equivalent to time (where 360 degrees equals the time required for
one full AC cycle). Today this component of power factor is called the displacement power
factor (DPF) to distinguish it from the true power factor (TPF) that accounts for distortion as
well as phase shift.
Utilities that impose low power factor penalties tend to meter and bill only on DPF. Ignoring the
effects of harmonic distortion leads to some fairly simple mathematical relationships illustrated
by the power triangle in Figure 1.
Figure1.1: Ratio of Power Factor in Triangle                                         Figure 1.2: 0.7 Power Factor at 200kW
If you measure current with an ammeter and voltage with a voltmeter, you can multiply them to
get apparent power. The real power equals the apparent power multiplied by the cosine of the
phase angle difference between voltage and current. DPF is exactly equal to the cosine of the
phase angle difference. A third power term is reactive power. The physical meaning of reactive
power can be better understood by considering the example plot of voltage and current for a
motor using 200 kW and 0.7 power factor (see Figure 2).
The power cycles at twice line frequency, averaging +200 kW over a full cycle. At each instant
the voltage multiplied by the current equal’s instantaneous power. Even when both current and
voltage are negative, the power is positive because a minus time a minus is a plus.
However, phase lag causes voltage to sometimes be positive when current is negative and vice
versa. In these instants, power is negative and the motor is actually a generator feeding power
back into the system. One can think of apparent power as the total power exchange between the
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motor and power line, the real power as the net power flow to the motor, and the reactive power
as the component of apparent power that is exchanged back and forth between the line and the
motor.[5][15-22]
1.3 Active Power
“Power is a measure of energy per unit time. Power therefore gives the rate of energy
consumption or production. The units for power are generally watts (W). For example, the watt
rating of an appliance gives the rate at which it uses energy. The total amount of energy
consumed by this appliance is the wattage multiplied by the amount of time during which it was
used; this energy can be expressed in units of watt-hours (or, more commonly, kilowatt-hours).
The power dissipated by a circuit element—whether an appliance or simply a wire—is given by
the product of its resistance and the square of the current through it: P=I2R. The term
“dissipated” indicates that the electric energy is being converted to heat. This heat may be part of
the appliance’s intended function (as in any electric heating device), or it may be considered a
loss (as in the resistive heating of transmission lines); the physical process is the same. Another,
more general way of calculating power is as the product of current and voltage: P = IV. For a
resistive element, we can apply Ohm’s law (P= I.V ) to see that the formulas P=I2R and
P= VI amount to the same thing:” [3]
P = VI = I (IR) = I2R
1.4 Complex power
“Applying the simple formula P = V.I becomes more problematic when voltage and current are
changing over time, as they do in a.c. systems. In the most concise but abstract notation, power,
current, and voltage are all complex quantities, and the equation for power becomes
S=VI*
Where S is the apparent power and the asterisk denotes the complex conjugate of the current I,
meaning that for purposes of calculation, the sign (positive or negative) of its imaginary
component is to be reversed. All this ought to make very little sense without a more detailed
discussion of complex quantities and their representation by phasors. In the interest of
developing a conceptual understanding of a.c. power, let us postpone the elegant mathematics
and begin by considering power, voltage, and current straightforwardly as real quantities that
vary in time. The fundamental and correct way to interpret the statement P=I.V when I and V
vary in time is as a statement of instantaneous conditions. Regardless of all the complexities to
be encountered, it is always true that the instantaneous power is equal to the instantaneous
product of current and voltage. In other words, at any instant, the power equals the voltage times
the current at that instant. This is expressed by writing each variable as a function of time,
p(t) = i(t).v(t)
Where the t is the same throughout the equation (i.e., the same instant).
“However, instantaneous power as such is usually not very interesting to us. In power systems,
we generally need to know about power transmitted or consumed on a time scale much greater
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than 1/60 of a second. Therefore, we need an expression for power as averaged over entire cycles
of alternating current and voltage. Consider first the case of a purely resistive load. Voltage and
current are in phase; they are oscillating simultaneously. The average power (the average product
of voltage and current) can be obtained by taking the averages (rms values) of each and then
multiplying them together . Thus,
Pave = IRMS.VRMS
Power for the resistive case is illustrated in figure below. But now consider a load with
reactance. The relative timing of voltage and current has been shifted; their maxima no longer
coincide. In fact, one quantity is sometimes negative when the other is positive. As a result, the
instantaneous power transmitted or consumed (the product of voltage and current) is sometimes
negative. This is shown on Figure 1. We can interpret the negative instantaneous power as saying
that power flows “backwards” along the transmission line, or out of the load and back into the
generator.
The energy that is being transferred back and forth belongs to the electric or magnetic fields
within these loads and generators. Since instantaneous power is sometimes negative, the average
power is clearly less than it was in the resistive case. But just how much less? Fortunately, this is
very easy to determine: the average power is directly related to the amount of phase shift
between voltage and current. Here we skip the mathematical derivation and simply state that the
reduction in average power due to the phase shift is given by the cosine of the angle of the shift:
Pavg = IRMS.VRMS.Cosφ.
Figure 1.3: Power as the product of voltage and current, with current lagging behind voltage by a phase angle.
“The factor of cos_ is called the power factor, often abbreviated p.f. This same equation can also
be written as
Pave= Imax. Vmax. Cosφ
Which is identical because each rms value is related to the maximum value (amplitude) by a
factor of √ . This equation is true for any kind of load. In the special case where there is onlyresistance and no phase shift, we have φ=0 and cosφ=0, so there is no need to write down the cos
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f, and we get the formula from the previous page. In another special case where the load is purely
reactive (having no resistance at all), the phase shift would be φ=90 and cosφ=0, meaning that
power only oscillates back and forth, but is not dissipated (the average power is zero). The
average power corresponds to the power actually transmitted or consumed by the load. It is also
called real power, active power or true power, and is measured in watts.
There are other aspects of the transmitted power that we wish to specify. The product of current
and voltage, regardless of their phase shift, is called the apparent power, denoted by the symbol
S. Its magnitude is given by”
S = IRMS.VRMS
“Although apparent and real power has the same units physically, they are expressed differently
to maintain an obvious distinction. Thus, the units of apparent power are called volt-amperes
(VA).”
“Apparent power is important in the context of equipment capacity. Actually the crucial quantity
with respect to thermal capacity limits is only the current. In practice, though, the current is often
inconvenient to specify. Since the operating voltage of a given piece of equipment is usually
quite constant, apparent power is a fair way of indicating the current. The point is that apparent
power is a much better measure of the current than real power, because it does not depend on the
power factor. Thus, utility equipment ratings are typically given in KVA or MVA” [3]
1.5 Reactive power
“Finally, we also specify what we might intuitively think of as the difference between apparent
and real power, namely, reactive power. Reactive power is the component of power that
oscillates back and forth through the lines, being exchanged between electric and magnetic fields
and not getting dissipated. It is denoted by the symbol Q, and its magnitude is given by”
S = IRMS.VRMS .sinφ
Again, note how the equation converges for the resistive case where φ=0 and sin sinφ=0, as there
will be no reactive power at all. Reactive power is measured in VAR (also written Var or VAr),
for volt-ampere reactive. We can represent power as a vector in the complex plane: namely, and
arrow of length S (apparent power) that makes an angle f with the real axis. This is shown in
figure below. The angle φ is the same as the phase difference between voltage and current.” [3]
1.6 Cause of Low Power Factor
Low power factor is caused mainly by induction motors, but also by inductive loads (such as
transformers and magnetic lighting ballasts). Unlike resistive loads that create work entirely by
consuming watts or kilowatts, inductive loads require some current to create a magnetic field,
and the magnetic field facilitates the desired work.
Inductive loads (which are sources of Reactive Power) include:
1. Transformers
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2. Induction motors
3. Induction generators (wind mill generators)
4. High intensity discharge (HID) lighting
A low power factor can be a result of the design of the equipment, as in the case of welders, or it
can be result from the operating conditions under which the equipment is used, as in lightly
loaded induction motors which are probably the worst offenders.
Equipment Design
In an old installation, one is limited by the inefficiency of the existing system. However, given
the opportunity to expand and purchase new equipment, one should consider some of the energy
efficient electric motors that are available today.
Operating Conditions
Load: The power factor of an electrical motor reaches its maximum value under full load. The
power factor decreases rapidly when the load decreases. The figure below symbolically
illustrates the effect of the load on the power factor of a motor.
Line voltage: Increasing the line voltage on motors and transformers above the rated voltage
will increase the consumption of reactive energy. The result will be reduction of power factor.
For example, an increase of 10% on the rated voltage can result in 20% reduction of the power
factor.
Table 1.1: Table show the motor power factor under load condition
Motor Load Factor Power Factor
Unloaded 17%
1/4 Loaded 55%
½ Loaded 73%
¾ Loaded 80%
Fully Loaded 84%
Overloaded (25%) 86%
The total or apparent power required by an inductive device is a composite of the following:
 Real power (measured in kilowatts, kW)
 Reactive power associated with components that alternately store energy and release it
back to the line during each AC cycle (measured in kilovars, KVAR)
 Reactive power required by inductive loads increases the amount of apparent power
(measured in kilovolt amps, KVA) in your distribution system. The increase in reactive
and apparent power is reflected by the increase of the angle between the two, causing the
power factor to decrease.[25]
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1.7 Disadvantage of low power factor
The power factor plays an important role in a.c. circuit since power consumed depends upon this
factor.
P=VL IL cosφI = V cosφ
P= √3 VLIL cosφI = √3V cosφ
It clear from above that for fixed power and voltage, the load current is inversely proportional to
the power factor. Lower the power factor, higher is the load current and vice-versa. A power
factor less than unity results in the following disadvantages:
1. Large KVA rating of equipment. The electric machinery (e.g., alternators, transformer,
switchgear) is always rated in *KVA
Now, =
It is clear that KVA rating of equipment is inversely proportional to power factor. The
smaller the poor factor, the larger is the KVA rating. Therefore, at low power factor,   the
KVA rating of the equipment has to be made more, making the equipment large and
expensive.
2. Greater conductor size. To transmit or distribute a fixed amount of power at constant
voltage, the conductor will have to carry more current at low power factor. This
necessitates large conductor size. For example, take the case of single-phase a.c. motor
having an input of 10 KW on full load, the terminal voltage being 250 V. An unity p.f.
the input full load current would be 10,000/250 =40 A. At 0.8 p.f; the KVA input would
be 10/0.8 =12.5 and the current input 12,000/250 =50 A. If the motor is worked at allow
power factor of 0.8, the cross-sectional area of the supply cables and motor conductors
would have to be based upon a current of 50A, which would be required at unity power
factor.
3. Large copper losses. The large current at low power factor causes more I2R losses in all
the elements of the system. This results in poor efficiency.
4. Poor voltage regulation. The large current at low lagging power factor causes greater
voltage drops in alternators, transformer, transmission lines and distributions. This result
in the decreased voltage available at the supply end, thus impairing the performance of
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utilization devises. In order to keep the receiving end voltage within permissible limits,
extra equipment (i.e., voltage regulators)  is required.
5. Reducer handling capacity of system. The lagging power factor reduces the handling
capacity of all the elements of the system. It is because the reactive component of current
prevents the full utilization of installed capacity.
The above discussion leads to the conclusion that low power factor is an objectionable feature in
the supply system.
Low power factor is a direct cost to the utility company and must be paid for.
Direct costs of low power factor
Power factor may be billed as one of or combination of, the following:
1) A penalty for power factor below and a credit for power factor above a predetermined value,
2) An increasing penalty for decreasing power factor,
3) A charge on monthly KVAR Hours,
4) KVA demand: A straight charge is made for the maximum value of KVA used during the
month. Included in this charge is a charge for KVAR since KVAR increase the amount of KVA.
[25]
1.8 Indirect costs of low power factor
Loss in efficiency of the equipment: When an installation operates with a low power factor, the
amount of useful power available inside the installation at the distribution transformers is
considerably reduced due to the amount of reactive energy that the transformers have to carry.
The figure below indicates the available actual power of distribution equipment designed to
supply 1000 KW.
Figure 1.4: The available actual power of distribution equipment
Loss in distribution capacity
The figure below graphically displays the variation of the I2R losses in feeders and branches.
Losses are expressed in percent as a function of power factor.
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Figure 1.5: Graphically displays the I2R losses
Larger Investment
In case of expansion, a larger investment is required in the equipment needed to increase
distribution capability of the installation, such as oversized transformers and switchgears.
Transformers
For an installation which requires 800KW, the transformer should be approximately:
800KVA for power factor = 100%
1000 KVA for power factor = 80%
1600 KVA for power factor = 50%
Large size conductors
The figure below shows a variation of a cross section of a conductor as a function of the power
factor for a given useful power. This illustrates that when the power factor of an installation is
low, the surcharge on the electricity bill is only part of the problem. For instance, in an
installation where no correction has been made and which has a power factor of 70%, the cross-
section of the conductor must be twice as large as it would be if the power factor were 100%.
Figure 1.6: Cross section of a conductor respect to power factor
Practically speaking, when an installation uses its rated power capacity, the distribution cables
within the installation are rapidly loaded to their full carrying capacity if the power factor
decreases. Most often, as the need for energy in an installation expands, the first reaction is to
double the distribution system although it would be less expensive to perform a correction of
power factor on each load or group of loads.[25]
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Equipment Creating Poor Power Factor
It is useful to have an idea of the value of the power factor of commonly used electrical
equipment. This will give an idea as to the amount of reactive energy that the network will have
to carry. Find below is the summary of power factor of commonly used electrical equipment.
Lighting
Incandescent Lamps: The power factor is equal to unity.
Fluorescent Lamps: Usually have a low power factor, for example, 50% power factor would not
be unusual. They are sometimes supplied with a compensation device to correct low power
factor.
Mercury Vapor Lamps: The power factor of the lamp is low; it can vary between 40% to 60%,
but the lamps are often supplied with correction devices.
Distribution Transformer
The power factor varies considerably as a function of the load and the design of the transformer.
A completely unloaded transformer would be very inductive and have a very low power factor.
Electrical Motors
Induction Motors: The power factor varies in accordance with the load. Unloaded or lightly
loaded motors exhibit a low power factor. The variation can be 30% to 90%. Synchronous
Motors: Very good power factor when the excitation is properly adjusted. Synchronous motors
can be over excited to exhibit a leading power factor and can be used to compensate a low power
system.[25]
Table 1.2: Typical un-improve power factor by Equipment
Equipment Power Factor
Air Compressor & Pumps
(external Motors)
75-80
Hermetic Motors (compressors) 50-80
Arc Welding 35-60
Resistance Welding 40-60
Machining 40-65
Arc Furnaces 75-90
Induction Furnaces (60Hz) 100
Standard Stamping 60-70
High Speed Stamping 45-60
Spraying 60-65
Industrial Heating
With resistance, as in ovens or dryers, the power factor is often closed to 100%.
Page 13 of 94
Welding
Electric arc welders generally have a low power factor, around 60%. Other types of machinery or
equipment those are likely to have a low power factor include
1.9 Generalities on power factor correction
In alternating current circuits, the current absorbed by a load can be represented by two
components:
• The active component IR, in phase with the supply voltage, is directly related to the output
(and therefore to the part of electric energy converted into energy of different types: mechanical
energy, light energy, thermal energy…);
• The reactive component IQ, in quadrature to the voltage, is used to generate the flow
necessary for the conversion of powers through the electric or magnetic field and it is index of
the transfer of energy between supply and load. Without this, there could be no net transfer of
power, for example, thanks to the magnetic coupling in the core of a transformer or in the air gap
of a motor.
In the most common case, in the presence of ohmic-inductive type loads, the total current I lags
with respect to the active component IR.
Therefore, in an electrical installation, it is necessary to generate and transmit, in addition to the
active power P, a certain reactive power Q, which is essential for the conversion of the electrical
energy but is not available to the load because exchanged with the network. The complex of the
power generated and transmitted constitutes the apparent power S.
Power factor cos is defined as the ratio between the active component IR and the total value of
the current I; cos is the phase angle between the voltage and the current. For a given phase
voltage V, it results: cos = =
Figure 1.7: Angle between IR & I
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Table 1.3: shows the typical power factors of some electrical equipment.
Load =
power factor
Transformers (no load condition) 0.1÷0.15
Motor 0.7÷0.85
Metal working apparatuses:
- Arc welding
- Arc welding compensated
- Resistance welding:
-Arc melting furnace
0.35÷0.6
0.7÷0.8
0.4÷0.6
0.75÷0.9
Fluorescent lamps
-compensated
-uncompensated
0.9
0.4÷0.6
AC DC converters 0.6÷0.95
DC drives 0.4÷0.75
AC drives 0.95÷0.97
Resistive load 1
Improving the power factor means taking the necessary steps to increase the power factor in a
defined section of the installation by locally delivering the necessary reactive power so that the
value of the current and consequently of the power flowing through the upstream network can
be reduced, at the same required output power. In this way, the lines, the generators and the
transformers can be sized for a lower apparent power. From a strictly technical point of view, a
suitably sized installation can operate properly also in case of a low power factor; for this reason
there aren’t standards prescribing the precise value of power factor that an electrical installation
should have. However, improving the power factor is a solution which allows technical and
economic advantages; in fact, managing an installation with a low cos implies an increase of
costs for the power supply authority, who consequently applies a tariff structure which penalizes
the withdrawal of energy with low power factors. The legislative measures in force in the
different countries allow the national power supply authorities to create a more or less detailed
tariff system; without going deeply into details, such system is structured so that the absorbed
reactive energy exceeding that corresponding to a cos equal to 0.9 must be paid according to
defined amounts depending on the voltage level of the supply (low, medium or high) and on the
power factor. According to the tariff system applied, the consumer can determine the amount of
his own additional charge and therefore can evaluate the savings on the penalties to be paid in
comparison with the cost of an installation for power factor correction. [1]
1.10 Technical advantages of power factor correction
As previously mentioned, by correcting the power factor of an installation supplying locally the
necessary reactive power, at the same level of required output power, it is possible to reduce the
current value and consequently the total power absorbed on the load side; this implies numerous
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advantages, among which a better utilization of electrical machines (generators and transformers)
and of electrical lines (transmission and distribution lines).
In the case of sinusoidal waveforms, the reactive power necessary to pass from one power factor
Cosφ1 to a power factor cosφ2 is given by the relation (valid for both three-phase as well as
single-phase systems):
P = VI*cosφ;                 Q1=VI*sinφ1; Q2=VI*sinφ2;
=VI*cosφ =VI*cosφ2
=P*tanφ1 =P*tanφ2
Qc = Q1 - Q2 = P · (tgφ1 – tgφ2)
Figure 1.8: Technical advantages
Where:
• P is the active power;
• Q1, φ1 are the reactive power and the phase displacement angle before power factor correction;
• Q2, φ2 are the reactive power and the phase displacement angle after power factor correction;
• Qc is the reactive power for power factor correction
Example: Suppose we wish to increase from 0.8 to 0.93 the power factor in a three-phase plant
(Un=400 V) absorbing an average power of 300 kW.
The absorbed current shall be:I = √ . . φ = .√ . . . =540A
By applying the formula previously described, the reactive power to be locally generated by Qc
can be obtained:
Page 16 of 94
Φ1= cos-1*(.8) = 36.87º; tgφ1 = tan36.87º =0.75
Φ2 = cos-2*(.93) =21.57º; tg2 = tan21.57º = 0.39
Qc = P · (tgφ1 - tgφ2) = 300*(0.75 - 0.39) = 108 kvar
Due to the effect of power factor correction, the absorbed current decreases from 540 A to:I = √ . . φ = .√ . . . =465A
(about 15% reduction)
For what said above, the main advantages of power factor correction can be summarized as
follows:
• Better utilization of electrical machines;
• Better utilization of electrical lines;
• Reduction of losses;
• Reduction of voltage drops [1]
1.11 Better utilization of electrical machines
Generators and transformers are sized according to the apparent power S. At the same active
power P, the smaller the reactive power Q to be delivered, the smaller the apparent power. Thus,
by improving the power factor of the installation, these machines can be sized for a lower
apparent power, but still deliver the same active power.
Table 1.4: shows the variation of the transmissible power for MV/LV three-phase transformers
as a function of the cosφ of the load.
Power of the
transformer
[KVA]
Power of the transformer
[kW][cosφ]
0.5 0.6 0.7 0.8 0.9 1
63 32 38 44 50 57 63
100 50 60 70 80 90 100
125 63 75 88 100 113 125
160 80 96 112 128 144 160
200 100 120 140 160 180 200
250 125 150 175 200 225 250
315 185 189 221 252 284 315
400 200 240 280 320 360 400
630 315 378 441 504 567 630
800 400 480 560 640 720 800
1000 500 600 700 800 900 1000
1250 625 750 875 1000 1125 1250
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From the above table it results that to supply 170 kW total powers with cosφ=0.7 to a series of
loads, a 250 KVA transformer must be used. If the loads absorbed the same power with
cosφ=0.9, instead of 0.7, it would be sufficient to use a 200 KVA transformer.[1]
The same is valid also for generators.
1.12 Better utilization of electrical lines
Power factor correction allows to obtain advantages also for cable sizing. In fact, as previously
said, at the same output power, by increasing the power factor the current diminishes. This
reduction in current can be such as to allow the choice of conductors with lower cross sectional
area.
To make it clear through a practical example, take into consideration a load requiring a power
equal to 170 kW with cosφ = 0.7, at a voltage Un= 400 V; the absorbed current I . is:I . = √ . . φ =√ . . . =350.5A
When choosing a copper single-core cable with EPR insulation, installed flat on a perforated
tray, under standard conditions, a cross sectional area of 120 mm2 shall be necessary (see Table
2.2).[1]
By locally correcting the power factor so as to obtain a cosφ value of 0.9, the required current
shall be: I . = √ . . φ = √ . . . = 272.6A
With this value of current, the cable can have a cross sectional area of 70 mm2.
Table 1.5: Current carrying capacity I0 of copper single-core cables on perforated tray
S [mm2]
Cu
XLPE/EPR PVCI [A]
25 141 114
35 176 143
50 216 174
70 279 225
95 342 275
120 400 321
150 464 372
185 533 427
240 634 507
300 736 587
500 998 789
630 1151 905
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1.13 Reduction of losses
The power losses of an electric conductor depend on the resistance of the conductor itself and on
the square of the current flowing through it; since, with the same value of transmitted active
power, the higher the cosφ, the lower the current, it follows that when the power factor rises, the
losses in the conductor on the supply side of the point where the power factor correction has
been carried out will decrease.
In a three-phase system the losses are expressed as follows:
P = 3.R.I = R.
Since: I = √ . . = ( ) →3.I =
Where:
• I is the current flowing through the conductor;
• R is the resistance of the conductor;
• S is the apparent power required by the load;
• P is the active power required by the load;
• Q is the reactive power required by the load;
• U is the rated supply voltage.
The reduction in the losses Δp after power factor correction is given by:
∆p=P . [1 − ( φφ ) ]
Where:
• P are the losses before power factor correction;
• Cosφ is the power factor before power factor correction;
• Cosφ is the power factor after power factor correction.
From this formula, it results that, for example, by increasing the power factor from 0.7 to 0.9,
about 39.5% saving on losses is obtained. Table 1.6: shows the saving on losses obtained by
increasing the power factor from an initial Cosφ to the final value of 0.9 and 0.95.
Table 1.6 Cosφ
0.4 0.5 0.6 0.7 0.8 0.9 0.95
Δp%
FromCosφ to 0.9 80.2 69.1 55.6 39.5 20.9 - -
FromCosφ to 0.95 82.3 72.3 60.1 45.7 29.1 10.2 -
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By improving the power factor, a reduction of power losses is obtained in all the parts of the
installation upstream the point where the power factor has been improved.[1]
1.14 Reduction of voltage drop
The drop of the line-to-line voltage in a three-phase line can be expressed as follows:
∆U = √3 · I · (R cosφ + X sinφ) = · (R + X tgφ)
Where:
• R and X are respectively the resistance and the reactance of the line;
• P is the transmitted active power;
• I is the current;
• Un is the rated voltage.
At the same level of transmitted active power, the voltage drop shall be the smaller, the higher
the power factor2. As it can be noticed in the following figures showing the diagrams of the
phase voltage drop ΔV, the smaller the phase displacement angle φ between voltage and current
(with the same active component of the load current and therefore with the same active power)
the smaller the voltage variation; moreover, this variation is minimum if there is no reactive
power absorption (current in phase)3. [1]
Figure 1.9: phasor diagram without power factor correction displaying the voltage drop on the line
Figure 1.10: phasor diagram with total power factor correction displaying the voltage drop on the line in case of a
purely ohmic load
1.15 Economic advantages of power factor correction
Power supply authorities apply a tariff system which imposes penalties on the drawing of energy
with a monthly average power factor lower than 0.9. The contracts applied are different from
country to country and can vary also according to the typology of costumer: as a consequence,
the following remarks are to be considered as a mere didactic and indicative information aimed
at showing the economic saving which can be obtained thanks to the power factor correction.
Generally speaking, the power supply contractual clauses require the payment of the absorbed
reactive energy when the power factor is included in the range from 0.7 and 0.9, whereas nothing
is due if it is higher than 0.9. For cosφ< 0.7 power supply authorities can oblige consumers to
carry out power factor correction. It is to be noted that having a monthly average power factor
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higher than or equal to 0.9 means requesting from the network a reactive energy lower than or
equal to 50% of the active energy:
tgφ = ≤ .5 → ≥ .89
Therefore no penalties are applied if the requirements for reactive energy do not exceed 50% of
the active one. The cost that the consumer bears on a yearly base when drawing a reactive energy
exceeding that corresponding to a power factor equal to 0.9 can be expressed by the following
relation: C = (E - 0.5 · E ) · c
Where:
• CEQ is the cost of the reactive energy per year in €;
• EQ is the reactive energy consumed per year in kvarh;
• EP is the active energy consumed per year in kWh;
• EQ - 0.5 · Ep is the amount of reactive energy to be paid;
• c is the unit cost of the reactive energy in €/kvarh.
If the power factor is corrected at 0.9 not to pay the consumption of reactive energy, the cost of
the capacitor bank and of the relevant installation will be:
CQc = CQ · cc
Where:
• CQc is the yearly cost in € to get a power factor equal to 0.9;
•Qc is the power of the capacitor bank necessary to have a cosφ of 0.9, in kvar;
• cc is the yearly installation cost of the capacitor bank in €/kvar.
The saving for the consumer shall be:
CEQ - CQc = (EQ - 0.5 · Ep) · c - Qc · cc
It is necessary to note that the capacitor bank represents an “installation cost” to be divided
suitably for the years of life of the installation itself applying one or more economic coefficients;
in the practice, the savings obtained by correcting the power factor allow the payback of the
installation cost of the capacitor bank within the first years of use. As a matter of fact, an
accurate analysis of an investment implies the use of some economic parameters that go beyond
the purposes of this Technical Application Paper. [1]
1.16 Power Factor Correction
Is there a way to correct this inefficient use of current? The answer is yes, by using power factor
correction capacitors. These capacitors are wired in parallel with the load. They may be
installed at the service entrance of the building or be dedicated to a specific device with a low
power factor.
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PF correction capacitors are sized by the amount of KVAR they are able to correct. To
determine proper sizing, the PF for the building or the device must be measured under normal
operating conditions. A target PF such as 95 percent is selected.[5][15-22]
Using the Pythagorean theorem we can calculate the proper amount of correction as shown
here:
Figure 1.11: Power Factor Correction
1.17 Correcting Your Power Factor
Some strategies for correcting your power factor are:
Install capacitors in your AC circuit to decrease the magnitude of reactive power. Capacitors
draw leading reactive power. That means their current is 180 degrees out of phase with inductive
loads, so they are storing energy when inductive loads are releasing it back to the line and vice
versa.
As shown in Figure 3, reactive power (measured in KVARs) caused by inductance always acts at
a 180-degree angle to reactive power from capacitors.
Figure 1.12: Capacitive Reactance/Inductive Figure 1.13: Effect of Power Factor Correction Reactance
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The presence of both inductive and capacitive reactance in the same circuit results in the
continuous alternating transfer of energy between the capacitor and the inductive load, thereby
reducing the current flow from the line. In a sense, energy is caught and reflected back by the
capacitor instead of having to flow all the way back and forth from the power generator.
In Figure 4 the power triangle shows an initial 0.70 power factor for a 100 kW (real power)
inductive load. The reactive power required by the load is 102 kVAR. By installing a 69-kVAR
capacitor, the apparent power necessary is reduced from 143 to 105 kVA, resulting in a 27
percent reduction in current. Power factor is improved to 0.95.
 Replace over-sized motors with NEMA Premium™ efficiency motors of the right
horsepower. Any motor’s power factor is dramatically worse when it is loaded
significantly below the full nameplate horsepower rating.
 Shut down idling motors. When totally unloaded, even uncoupled, a motor still draws
over half its full-load reactive power.
 Avoid operation of equipment above its rated voltage. Over-voltage increases reactive
power.
Capacitor suppliers and engineering firms can provide the assistance you may need to determine
the optimum power factor correction and to correctly locate and install capacitors in your
electrical distribution system. [5][15-22]
Be mindful that if harmonic distortion is significant in your power system, DPF analysis
techniques will understate your true reactive power and overstate your true power factor. DPF
analysis may accurately reflect the power factor metered and billed by your utility, but it will
understate your in-plant distribution system losses. Moreover harmonic distortion can cause a
variety of other system problems including harmful resonance currents in capacitors you have
installed to control DPF. If you suspect significant harmonic distortion, you must address
harmonic problems in conjunction with displacement power factor.
1.18 Advantage of Power Factor Improvement
Some of the benefits of improving your power factor are: [5][15-22]
1. Your utility bill will be smaller. Low power factor requires an increase in the electric
utility’s transmission and distribution capacity in order to handle the reactive power
component caused by inductive loads. Utilities usually charge large customers with
power factors less than about 0.95 an additional fee. You can avoid this additional fee by
increasing your power factor.
2. Your internal electrical system’s capacity will increase. Uncorrected power factor will
cause increased losses in your electrical distribution system and limit capacity for
expansion.
3. Voltage drop at the point of use will be reduced (i.e. improved). Voltages below
equipment rating will cause reduced efficiency, increased current, and reduced starting
torque in motors. Under-voltage reduces the load motors can carry without overheating or
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stalling. Under-voltage also reduces output from lighting and resistance heating
equipment.
4. Need less current after power factor correction.
Figure 1.14: Taking current of motor
18A current in the line where power factor 84% to set power
=230*18*0.84
=3.48KW
16A current in line where power factor 95% to set power
=230*16*0.95
=3.49KW
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Chapter - 2
Necessary and Protective equipment for a
Power Factor Improvement plant
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2.1 Introduction of equipment
Energy is required in various forms to do useful works, continuous improvement in the standard
to enhance industrial progress, National security and financial stability of nation. The electrical
energy is exclusively generated, transmitted and distributed in the form of alternating current.
Most of the burden are inductive in nature and hence, have low lagging power factor. This low
power factor is highly undeserved as it causes an increase in current, resulting in additional
losses of active power in all the element of power system from power station generator down to
the utilization devices. POWER FACTOR IMPROVEMENT (PFI) PLANT, It is electric device.
This plant make sheet steel clad, dist & vermin proof, free standing, floor mounting type. As
with any equipment, an electrical system handles its job to some degree of efficiency ranging
from poor to excellent. This work is done by a PFI. As energy costs continue to represent an
increasing proportion of the overall cost of doing business, energy management has become an
important activity. Understanding power factor and how it affects your company’s electricity bill
can help reduce power costs. Power Factor gives a reading of overall electricity use efficiency.
High power factor indicates that the amount of power doing real work is operating at a high level
of efficiency. Conversely, low power factor means poor electricity efficiency which is always
costly. Improving power factor can reduce billed peak demand and enhance equipment
reliability. PFI Plant mostly consists of several components like are:
2.2) Bus-bar
2.3) Transformer
2.4) PFI or Capacitor Bank
2.5) Active PFC
2.6) Capacitor
2.7) Power Factor Correction relay
2.8) Magnetic Conductors
2.9) Protective Fuse
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2.10) KVA meter
2.11) Circuit breaker
2.12) Contactors for Capacitor Switching
2.2 Bus-bar
In electrical power distribution, a bus bar is a strip of copper or aluminum that conducts
electricity within a switchboard, distribution board, substation or other electrical apparatus.
The size of the bus bar determines the maximum amount of current that can be safely carried.
Bus bars can have a cross-sectional area of as little as 10 mm2 but electrical substations may use
metal tubes of 50 mm in diameter (1,963 mm2) or more as bus bars. An aluminum smelter will
have very large bus bars used to carry tens of thousands of amperes to the electrochemical cells
that produce aluminum from molten salts.
A bus bar may either be supported on insulators, or else insulation may completely surround it.
Bus bars are protected from accidental contact either by a metal earthed enclosure or by
elevation out of normal reach. Neutral bus bars may also be insulated. Earth bus bars are
typically bolted directly onto any metal chassis of their enclosure. Bus-bars may be enclosed in a
metal housing, in the form of bus duct or bus way, segregated-phase bus, or isolated-phase bus.
Bus bars may be connected to each other and to electrical apparatus by bolted, clamp, or welded
connections. Often joints between high-current bus sections have matching surfaces that are
silver-plated to reduce the contact resistance. At extra-high voltages (more than 300 kV) in
outdoor buses, corona around the connections becomes a source of radio-frequency interference
and power loss, so connection fittings designed for these voltages are used.[39]
Figure 2.1: Copper Bus-bar in LT panel
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2.3 Introduction of Transformer
A transformer that transfers primary current, voltage, or phase values to the secondary circuit
with sufficient accuracy to permit connecting an instrument to the secondary rather than the
primary; used so only low currents or low voltages are brought to the instrument.
A device that serves as an input source of currents and voltages from an electric power system to
instruments, relays, meters, and control devices. The basic design is that of a transformer with
the primary winding connected to the power system, and the secondary winding to the sensing
and measuring equipment. Data from these devices are necessary for the operation, control, and
protection of the power system. The primary reason for setting up the instrument-transformer
interface is to provide analog information at low voltage levels, insulated from the higher system
voltages. The range of use is from 480 V through the maxima of the 765–1000-kV power
systems. See also Electric power systems; Transformer.
Figure 2.2: 132KV Oil Cooled Current & Potential Transformers
Current transformers are connected in series with the power conductor. In many cases this
conductor serves as the one-turn primary. The principal types are the window type, where the
power conductor is passed through a hole in the center of the current transformer; the bar type,
where the power conductor is fastened to a one-turn bar which is part of the current transformer;
and the bushing type, a toroidal core and winding that is slipped over the insulating bushings of
circuit breakers, transformers, and so forth.
Voltage transformers and coupling capacitor voltage transformers are connected in parallel from
one conductor to another or to ground. The coupling capacitor voltage transformer is widely used
at the higher system voltages of 115 kV and above. It is a voltage transformer tapped across part
of a capacitor unit connected from the conductor to ground. [37]
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2.3.1 Current Transformer
A current transformer (CT) is a measurement device designed to provide a current in its
secondary coil proportional to the current flowing in its primary. Current transformers are
commonly used in metering and protective relaying in the electrical power industry where they
facilitate the safe measurement of large currents, often in the presence of high voltages.
Figure 2.3: Low range CT
The current transformer safely isolates measurement and control circuitry from the high voltages
typically present on the circuit being measured.
Current transformers are often constructed by passing a single primary turn (either an insulated
cable or an uninsulated bus bar) through a well-insulated toroidal core wrapped with many turns
of wire. The CT is typically described by its current ratio from primary to secondary. For
example, a 4000:5 CT would provide an output current of 5 amperes when the primary was
passing 4000 amperes. The secondary winding can be single ratio or have several tap points to
provide a range of ratios. Care must be taken that the secondary winding is not disconnected
from its load while current flows in the primary, as this will produce a dangerously high voltage
across the open secondary and may permanently affect the accuracy of the transformer.
Specially constructed wideband CTs are also used, usually with an oscilloscope, to measure high
frequency waveforms or pulsed currents within pulsed power systems. One type provides a
voltage output that is proportional to the measured current; another, called a Rogowski coil,
requires an external integrator in order to provide a proportional output. [38]
2.3.2 Potential Transformer or Voltage Transformers
Voltage transformers (VT) or potential transformers (PT) are another type of instrument
transformer, used for metering and protection in high-voltage circuits. They are designed to
present negligible load to the supply being measured and to have a precise voltage ratio to
accurately step down high voltages so that metering and protective relay equipment can be
operated at a lower potential. Typically the secondary of a voltage transformer is rated for 69 V
or 120 V at rated primary voltage, to match the input ratings of protection relays.
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The transformer winding high-voltage connection points are typically labeled as H1, H2
(sometimes H0 if it is internally grounded) and X1, X2 and sometimes an X3 tap may be present.
Figure 2.4: Different types of Potential Transformer or PT
Sometimes a second isolated winding (Y1, Y2, Y3) may also be available on the same voltage
transformer. The high side (primary) may be connected phase to ground or phase to phase. The
low side (secondary) is usually phase to ground.
The terminal identifications (H1, X1, Y1, etc.) are often referred to as polarity. This applies to
current transformers as well. At any instant terminals with the same suffix numeral have the
same polarity and phase. Correct identification of terminals and wiring is essential for proper
operation of metering and protection relays.
While VTs were formerly used for all voltages greater than 240 V primary, modern meters
eliminate the need VTs for most secondary service voltages. VTs are typically used in circuits
where the system voltage level is above 600 V. Modern meters eliminate the need of VT's since
the voltage remains constant and it is measured in the incoming supply. This is mostly used in
H.V.
Voltage transformers or potential transformers are used for measurement and protection.
Accordingly, they are either measuring type or protective type voltage transformers. They may
be either single phase or three phase units. Voltage transformers are necessary for voltage,
directional, distance protection. The primary of voltage transformer is connected to power circuit
between phase and ground. The volt ampere rating of voltage transformers is similar as
compared with that of power transformer. There are two types of construction: [38]
 Electromagnetic potential transformer, in which primary and secondary are wound on
magnetic core like in usual transformer.
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 Capacitor potential transformer, in which primary voltage is applied to a series capacitor
group. The voltage across one of the capacitors is taken to auxiliary voltage transformer.
The secondary of auxiliary voltage transformer is taken for measurement or protection.
 CCTV combines function of coupling capacitor and VT>
Figure 2.5:  Potential Transformer
2.4 PFI or Capacitor Bank
Using capacitors to fix up the power factor is standard with motors and other inductive circuits.
The basic goal is to make the power "appear" to be purely resistive. Most industrial loads are
motors that contain inductance and so a lagging power factor is created. To improve this overall
lagging power factor, capacitors are used. This can be by adding one for each of the inductive
loads or by adding a bank of them (usually with staging contactors to change amount with
varying power factor). A phasor diagram shows best how this happens.
The power factor of an AC electric power system is defined as the ratio of the real power flowing
to the load over the apparent power in the circuit, and is a dimensionless number between 0 and
1 (frequently expressed as a percentage, e.g. 0.5 pf = 50% pf). Real power is the capacity of the
circuit for performing work in a particular time. Apparent power is the product of the current and
voltage of the circuit. Due to energy stored in the load and returned to the source, or due to a
non-linear load that distorts the wave shape of the current drawn from the source, the apparent
power will be greater than the real power.
In an electric power system, a load with a low power factor draws more current than a load with
a high power factor for the same amount of useful power transferred. The higher currents
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increase the energy lost in the distribution system, and require larger wires and other equipment.
Because of the costs of larger equipment and wasted energy, electrical utilities will usually
charge a higher cost to industrial or commercial customers where there is a low power factor.
Linear loads with low power factor (such as induction motors) can be corrected with a passive
network of capacitors or inductors. Non-linear loads, such as rectifiers, distort the current drawn
from the system. In such cases, active or passive power factor correction may be used to
counteract the distortion and raise the power factor. The devices for correction of the power
factor may be at a central substation, spread out over a distribution system, or built into power-
consuming equipment.
Figure 2.6: Power Factor Improvement (PFI) Plant
Under normal operating certain electrical loads (e.g. induction motors, welding equipment, arc
furnaces and fluorescent lighting) draw not only active power from the supply, but also inductive
reaction power (KVAR). This reactive power is necessary for the equipment to operate correctly
but could be interpreted as an undesirable burden on the supply.
The power factor of a load is defined as the ratio of active power to apparent power, i.e. kW:
KVA and is referred to as cosø. The closer cosø is to unity, the less reactive power is drawn from
the supply.
If cosø = 1 the transmission of 500kW in a 400 V three phase mains requires a current of 722 A.
The transmission of the same effective power at a cosø = 0.6 would require a far higher current,
namely 1203 A. Accordingly, distribution and transmission equipment as well as feeding
transformers have to be dimensioned for this higher load. Further, their useful life may decrease.
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 For systems with a low power factor the transmission of electric power in accordance
with existing standards results in higher expenses both for the supply distribution
companies and the consumer.
Another reason for higher expenses is lasses incurred via heat dissipation in the leads caused by
the overall current of the system as well as via the windings of both transformers and generators.
If we assume for out above example that with cosø= 1 the power dissipated would amount to
about 10kW, then a power factor of 0.6 would result in a 180% increase in the overall dissipation
i.e. 28kW.
 In general terms, as the power factor of a three phase system decreases the current rises.
The heat dissipation in the system rises proportionately by a factor equivalent to the
square of the current rise.
This is the main reason behind why Electricity Supply companies in modern economies demand
reduction of the reactive load in their networks via improvement of the power factor. In most
cases, special reactive current tariffs penalize consumers for poor power factor. [42]
2.5 Active PFC
An "active power factor corrector" (active PFC) is a power electronic system that controls the
amount of power drawn by a load in order to obtain a power factor as close as possible to unity.
In most applications, the active PFC controls the input current of the load so that the current
waveform is proportional to the mains voltage waveform (a sine wave). The purpose of making
the power factor as close to unity (1) as possible is to make the load circuitry that is power factor
corrected appear purely resistive (apparent power equal to real power). In this case, the voltage
and current are in phase and the reactive power consumption is zero. This enables the most
efficient delivery of electrical power from the power company to the consumer.
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Figure 2.7: Active PFC
Specifications taken from the packaging of a 610W PC power supply showing Active PFC rating
Some types of active PFC are:
 Boost
 Buck
 Buck-boost
Active power factor correctors can be single-stage or multi-stage.
In the case of a switched-mode power supply, a boost converter is inserted between the bridge
rectifier and the main input capacitors. The boost converter attempts to maintain a constant DC
bus voltage on its output while drawing a current that is always in phase with and at the same
frequency as the line voltage. Another switch mode converter inside the power supply produces
the desired output voltage from the DC bus. This approach requires additional semiconductor
switches and control electronics, but permits cheaper and smaller passive components. It is
frequently used in practice. For example, SMPS with passive PFC can achieve power factor of
about 0.7–0.75, SMPS with active PFC, up to 0.99 power factor, while a SMPS without any
power factor correction has a power factor of only about 0.55–0.65.
Due to their very wide input voltage range, many power supplies with active PFC can
automatically adjust to operate on AC power from about 100 V (Japan) to 230 V (Europe). That
feature is particularly welcome in power supplies for laptops. [35]
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2.6 Capacitor
A capacitor (formerly known as condenser) is a passive two-terminal electrical component used
to store energy in an electric field. The forms of practical capacitors vary widely, but all contain
at least two electrical conductors separated by a dielectric (insulator); for example, one common
construction consists of metal foils separated by a thin layer of insulating film. Capacitors are
widely used as parts of electrical circuits in many common electrical devices.
When there is a potential difference (voltage) across the conductors, a static electric field
develops across the dielectric, causing positive charge to collect on one plate and negative charge
on the other plate. Energy is stored in the electrostatic field. An ideal capacitor is characterized
by a single constant value, capacitance, measured in farads. This is the ratio of the electric charge
on each conductor to the potential difference between them. The capacitance is greatest when
there is a narrow separation between large areas of conductor; hence capacitor conductors are
often called "plates," referring to an early means of construction. In practice, the dielectric
between the plates passes a small amount of leakage current and also has an electric field
strength limit, resulting in a breakdown voltage, while the conductors and leads introduce an
undesired inductance and resistance.
Capacitors are widely used in electronic circuits for blocking direct current while allowing
alternating current to pass, in filter networks, for smoothing the output of power supplies, in the
resonant circuits that tune radios to particular frequencies and for many other purposes. [44]
Figure 2.8: Epcos capacitor
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2.6.1 Operation
A capacitor consists of two conductors separated by a non-conductive region. The non-
conductive region is called the dielectric. In simpler terms, the dielectric is just an electrical
insulator. Examples of dielectric mediums are glass, air, paper, vacuum, and even a
semiconductor depletion region chemically identical to the conductors. A capacitor is assumed to
be self-contained and isolated, with no net electric charge and no influence from any external
electric field. The conductors thus hold equal and opposite charges on their facing surfaces, and
the dielectric develops an electric field. In SI units, a capacitance of one farad means that one
coulomb of charge on each conductor causes a voltage of one volt across the device. [44]
The capacitor is a reasonably general model for electric fields within electric circuits. An ideal
capacitor is wholly characterized by a constant capacitance C, defined as the ratio of charge ±Q
on each conductor to the voltage V between them:
C = QV
Sometimes charge build-up affects the capacitor mechanically, causing its capacitance to vary. In
this case, capacitance is defined in terms of incremental changes:
C = dqdv
2.7 Protective Relay
2.7.1 Definition of Relay
A protective relay is a device that detects the fault and initiates the operation of the circuit
breaker to isolate the defective element from the rest of the system.
Page 36 of 94
Figure 2.9: Relay internal connection
That is, a relay is an electrical switch that opens and closes under the control of another electrical
circuit. In the original form, the switch is operated by an electromagnet to open or close one or
many sets of contacts. [2]
2.7.2 Power Factor Correction relay
Protective relays monitor critical electrical and mechanical quantities and initiate emergency
shutdown whenever they detect out-of-limits conditions. Protective relays must operate correctly
when abnormal conditions require and must not operate at any other time. Electrical protective
relays are calibrated with settings derived from system fault and load studies. Initial settings are
provided when relays are installed or replaced. However, electrical power systems change as
new generation and transmission lines are added or modified. This may mean that relay settings
are no longer appropriate. Outdated relay settings can be hazardous to personnel, to the integrity
of the power plant and power system, and to the equipment itself. Therefore, it is necessary to
periodically conduct a fault and load study and review protective relay settings to ensure safe and
reliable operation.
Reactive compensation plays a vital part in reducing losses in cables, transformers etc thus
reducing CO2 levels. Today’s microprocessor technology allows power factor control relays to
accomplish far more functions than ever before. The CM 3 phase relay combines a 3 phase
power factor control regulator with a 3 phase multi meter – thus saving switchboard panel space
and panel wiring time. Each phase is monitored independently by means of a CT on L1-L2-L3.
In this way single phase capacitors can be switched so as to balance asymmetrical loads. The
optimal size of capacitor is always selected when using the CM3. Each KVAR step value is held
in the memory and called upon when required. The CM3 has a complete programmable alarm
system as detailed in the heading “supervision” below. If there is a failure of capacitors,
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contactors or fuses, the alarm will operate and the LCD display will indicate the cause of the
alarm. A MODBUS RTU card can be fitted – RS485 and data logging can be undertaken using
our MINISCADA which can be connected to the internet by modem/GSM.
Figure 2.10: Power Factor Control or PFC Relay
2.8 Magnetic Conductor
The moving magnet and conductor problem is a famous thought experiment, originating in the
19th century, concerning the intersection of classical electromagnetism and special relativity. In
it, the current in a conductor moving with constant velocity, v, with respect to a magnet is
calculated in the frame of reference of the magnet and in the frame of reference of the conductor.
The observable quantity in the experiment, the current, is the same in either case, in accordance
with the basic principle of relativity, which states: "Only relative motion is observable; there is
Figure 2.11: Magnetic Conductors
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no absolute standard of rest". However, according to Maxwell's equations, the charges in the
conductor experience a magnetic force in the frame of the magnet and an electric force in the
frame of the conductor. The same phenomenon would seem to have two different descriptions
depending on the frame of reference of the observer.
2.9 Introduction of Fuse
In electronics and electrical engineering a fuse (short for fusible link) is a type of over current
protection device. Its essential component is a metal wire or strip that melts when too much
current flows, which breaks the circuit in which it is connected, thus protecting the circuit's other
components from damage due to excessive current.
A practical fuse was one of the essential features of Thomas Edison's electrical power
distribution system.
Figure 2.12: 200 A Industrial fuses. 80 kA breaking capacity
Fuses (and other over current devices) are an essential part of a power distribution system to
prevent fire or damage. When too much current flows through a wire, it may overheat and be
damaged or even start a fire. Wiring regulations give the maximum rating of a fuse for protection
of a particular circuit. Local authorities will incorporate national wiring regulations as part of
law. Fuses are selected to allow passage of normal currents, but to quickly interrupt a short
circuit or overload condition.
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2.9.1 Drop out Fuse
Drop out fuse (D.O.F) are complete with fuse carrier of fiber glass tube with both end heavily
tinned non ferrous metal parts. The brush type phosphor bronze contacts provide positive high
pressure multilane connection and wiping and cleaning action on closing. The pressure exerted
by the contacts initiates the opening movement of the fuse carrier copper & copper alloys high
pressure heavily tinned metal contacts for fix top contacts assembly and bottom contact
assembly. The D.O. Fuse units are manufactured up to and including 33KV system. Voltage
confirming tubes 2692/1956 AND IS 9385/ IS 5792/1972.
Figure 2.13:  Drop out Fuse
The drop out fuses simplest and most effective safety device is small distribution transformer.
The drops out fuse open the circuit and serve the mechanical isolation of system in case of flow
of fault current. The drops out fuses are designed for vertical installation. They are practically
maintenance free as they required duly replacement of fuse element. The drops out fuses comply
with the requirement of B-9385 and other international standard. [4]
2.9.2 HRC Fuse
In electronics and electrical engineering, a fuse (from the French fusée, Italian. fuso, and
“spindle") is a type of low resistance resistor that acts as a sacrificial device to provide over
current protection, of either the load or source circuit. Its essential component is a metal wire or
strip that melts when too much current flows, which interrupts the circuit in which it is
connected. Short circuit, overloading, mismatched loads or device failure are the prime reasons
for excessive current.
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Figure: 3.14 HRC Fuse
A fuse interrupts excessive current (blows) so that further damage by overheating or fire is
prevented. Wiring regulations often define a maximum fuse current rating for particular circuits.
Over current protection devices are essential in electrical systems to limit threats to human life
and property damage. Fuses are selected to allow passage of normal current plus a marginal
percentage and to allow excessive current only for short periods. Slow blow fuses are designed to
allow higher currents for a modest amount of time longer, and such considerations are and were
commonly necessary when electronics devices or systems had electronic tube tech or a large
number of incandescent lights were being powered such as in a large hall, theater or stadium.
Tubes and incandescent lights each have reduced current needs as they heat up to operating
temperatures for their internal resistance grows as they are heated— the same physics principle
causes the fuse material to melt, disconnecting the circuit from power.
In 1847, Breguet recommended use of reduced-section conductors to protect telegraph stations
from lightning strikes; by melting, the smaller wires would protect apparatus and wiring inside
the building. A variety of wire or foil fusible elements were in use to protect telegraph cables and
lighting installations as early as 1864.
A fuse was patented by Thomas Edison in 1890 as part of his successful electric distribution
system.
Operation a fuse consists of a metal strip or wire fuse element, of small cross-section compared
to the circuit conductors, mounted between a pair of electrical terminals, and (usually) enclosed
by a non-combustible housing. The fuse is arranged in series to carry all the current passing
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through the protected circuit. The resistance of the element generates heat due to the current
flow. The size and construction of the element is (empirically) determined so that the heat
produced for a normal current does not cause the element to attain a high temperature. If too high
a current flows, the element rises to a higher temperature and either directly melts, or else melts a
soldered joint within the fuse, opening the circuit.
The fuse element is made of zinc, copper, silver, aluminum, or alloys to provide stable and
predictable characteristics. The fuse ideally would carry its rated current indefinitely, and melt
quickly on a small excess. The element must not be damaged by minor harmless surges of
current, and must not oxidize or change its behavior after possibly years of service.
The fuse elements may be shaped to increase heating effect. In large fuses, current may be
divided between multiple strips of metal. A dual-element fuse may contain a metal strip that
melts instantly on a short circuit, and also co3ntain a low-melting solder joint that responds to
long-term overload of low values compared to a short-circuit. Fuse elements may be supported
by steel or nichrome wires, so that no strain is placed on the element, but a spring may be
included to increase the speed of parting of the element fragments.
The fuse element may be surrounded by air, or by materials intended to speed the quenching of
the arc. Silica sand or non-conducting liquids may be used.
Breaking capacity
The breaking capacity is the maximum current that can safely be interrupted by the fuse.
Generally, this should be higher than the prospective short circuit current. Miniature fuses may
have an interrupting rating only 10 times their rated current. Some fuses are designated High
Rupture Capacity (HRC) and are usually filled with sand or a similar material. Fuses for small,
low-voltage, usually residential, wiring systems are commonly rated, in North American
practice, to interrupt 10,000 amperes. Fuses for larger power systems must have higher
interrupting ratings, with some low-voltage current-limiting high interrupting fuses rated for
300,000 amperes. Fuses for high-voltage equipment, up to 115,000 volts, are rated by the total
apparent power (megavolt-amperes, MVA) of the fault level on the circuit.
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Rated voltage
Voltage rating of the fuse must be greater than or equal to what would become the open circuit
voltage. For example, a glass tube fuse rated at 32 volts would not reliably interrupt current from
a voltage source of 120 or 230 V. If a 32 V fuse attempts to interrupt the 120 or 230 V source, an
arc may result. Plasma inside that glass tube fuse may continue to conduct current until current
eventually so diminishes that plasma reverts to an insulating gas. Rated voltage should be larger
than the maximum voltage source it would have to disconnect. This requirement applies to every
type of fuse.
Rated voltage remains same for any one fuse, even when similar fuses are connected in series.
Connecting fuses in series does not increase3 the rated voltage of the combination (nor of any
one fuse).
Medium-voltage fuses rated for a few thousand volts are never used on low voltage circuits,
because of their cost and because they cannot properly clear the circuit when operating at very
low voltages.
Voltage drop
A voltage drop across the fuse is usually provided by its manufacturer. Resistance may change
when a fuse becomes hot due to energy dissipation while conducting higher currents. This
resulting voltage drop should be taken into account, particularly when using a fuse in low-
voltage applications. Voltage drop often is not significant in more traditional wire type fuses, but
can be significant in other technologies such as resettable fuse (PPTC) type fuses.
High voltage fuses
A set of pole-top fusible cutouts with one fuse blown, protecting a transformer- the white tube on
the left is hanging down
Fuses are used on power systems up to 115,000 volts AC. High-voltage fuses are used to protect
instrument transformers used for electricity metering or for small power transformers where the
expense of a circuit breaker is not warranted. For example, in distribution systems, a power fuse
may be used to protect a transformer serving 1–3 houses. A circuit breaker at 115 kV may cost
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up to five times as much as a set of power fuses, so the resulting saving can be tens of thousands
of dollars. Pole-mounted distribution transformers are nearly always protected by a fusible
cutout, which can have the fuse element, replaced using live-line maintenance tools.
Large power fuses use fusible elements made of silver, copper or tin to provide stable and
predictable performance. High voltage expulsion fuses surround the fusible link with gas-
evolving substances, such as boric acid. When the fuse blows, heat from the arc causes the boric
acid to evolve large volumes of gases. The associated high pressure (often greater than 100
atmospheres) and cooling gases rapidly quench the resulting arc. The hot gases are then
explosively expelled out of the end(s) of the fuse. Such fuses can only be used outdoors. [4]
2.9.3 Control fuses
The Fuse Control program is a powerful combination of circuit protection products & services
designed to help you pinpoint obsolete fuses, duplicate inventory, and potential hazards in your
circuit protection. It will give you the edge you need to mitigate arc flash hazards, achieve code
compliance, and reduce inventory by 25% or more - all while offering the highest grade over
current protection available.
A global leader with more than a century of experience, Mersin is the most trusted brand in the
electrical protection industry.
Figure 2.15: Control Fuse
Let us put our experience to work for you. Contact us today to learn more about Fuse Control
and receive a FREE fuse audit and analysis report. [4]
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2.10 KVA Meters
KVA meters measure the apparent power of AC devices in kilovolt-amperes (KVA). Apparent
power is the combination of a circuit’s true power and reactive power. True power is the actual
power dissipated in a circuit. Reactive power or imaginary
power indicates how a reactive load
Key parameter:
Electrical System: Three Phase 1/2/3 CT; Single Phase 1 CT
CT Secondary: 5 Amp or 1 Amp; PT Secondary: 415 or 110 Volt
Indication Range: 0 to 1999 KVA
Figure 2.16: Digital KVA-Meter
drops voltage and draws current, but does not actually dissipate power. Bandwidth, sampling
rate, maximum channels and operating temperature are also important specifications to consider.
Bandwidth is the frequency range for AC current or voltage to be measured. Sampling rate is the
frequency that a digital meter tests an analog signal and converts to a digital value. Maximum
channels for KVA meters range from 2 to 24. Operating temperature is expressed as a range.
2.10.1 KVA Meter Operation
Standards, options and features are important parameters to consider when specifying KVA
meters. Some products have an adjustable sampling rate, alarm lights, auto-ranging capabilities,
and integral application software. Others feature data acquisition, data storage or logging, decibel
reading, and external triggering capabilities. External shunts can be used to extend the current
input range. Integrating functions allow the active power and current to be integrated. Mirrored
scales facilitate readings to a given accuracy and help operators avoid parallax errors. Range
switches can be used to select the range of units to measure. KVA meters with overload
protection, filters, scaling functions, and temperature compensation are also available.
2.10.2 Types of KVA Meters
KVA meters come in several different form factors. Benchtop meters are designed to sit atop a
bench or tabletop. Free-standing devices have a full case or cabinet and an integral interface.
KVA meters that function as clamp meters measure current through wires that are connected to
the circuit. Rack-mounted devices include hardware such as rail guides, flanges and tabs. They
are designed for mounting in telecommunications racks. Handheld KVA meters are relatively
lightweight and can be operated while held in the hand. Products with a computer-board form
factor are printed circuit boards (PCBs) that plug into computer motherboards or backplanes.
KVA meters with other form factors are also available.
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2.10.3 KVA Meter Specifications
Output options, display type, and approvals are additional considerations when selecting KVA
meters. Common output options include binary coded decimal (BCD), digital-to-analog (D/A),
universal serial bus (USB), general-purpose interface bus (GPIB), and RS-232. Display types are
designated as analog or digital. In terms of approvals, some KVA meters bear quality marks or
comply with published standards for performance and safety. In Europe, products that bear the
CE Mark comply with European Union (EU) directives such as Restriction of Hazardous
Substances (RoHS) and Waste Electrical and Electronics Equipment Regulations (WEEE). KVA
meters that bear the CSA Mark from the Canadian Standards Association (CSA) are also
available.
2.11 Protective Circuit Breaker
2.11.1 Definition of Circuit breaker
A circuit breaker is a piece of equipment which can
 Make or break a circuit either manually or by remote control under normal conditions
 Break a circuit automatically under fault conditions
 Make a circuit either manually or by remote control under fault conditions
This a circuit breaker incorporates manually (or remote control) as well as automatic control for
switching function. [2]
2.11.2 Types of Circuit Breaker
1. Oil circuit Breaker
2. SF6 Circuit Breaker
3. Air Blast Circuit Breaker
4. Vacuum Circuit Breaker
2.11.1.1 Oil Circuit Breakers (OCB)
The oil in OCB serves two purposes. It insulates between the phases and between the phases and
the ground, and it provides the medium for the extinguishing of the arc. When electric arc is
drawn under oil, the arc vaporizes the oil and creates a large bubble that surrounds the arc. The
gas inside the bubble is around 80% hydrogen, which impairs ionization. The decomposition of
oil into gas requires energy that comes from the heat generated by the arc. The oil surrounding
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the bubble conducts the heat away from the arc and thus also contributes to deionization of the
arc.
Main disadvantage of the oil circuit breakers is the flammability of the oil, and the maintenance
necessary to keep the oil in good condition (i.e. changing and purifying the oil)
2.11.1.1(a) Bulk Oil Circuit Breakers
Bulk oil circuit breakers are enclosed in metal-grounded weatherproof tanks that are referred to
as dead tanks. The original design of bulk OCBs was very simple and inexpensive. Example of
such a breaker, called plain break oil circuit breaker, is in
Figure 2.17: Bulk Oil Circuit Breakers
1 bushing 2 oil level indicator 3 vent
4 linear linkage 5 dashpot 6 guide block
7 arc control unit 8 parallel contact 9 Resistor
10 plunger bar 11 impulse cushion
The arc was drawn directly inside of the container tank without any additional arc extinguishing
but the one provided by the gas bubble surrounding the arc. Plain break breakers were
superseded by arc controlled oil breakers. The arc controlled oil breakers have an arc control
device surrounding the breaker contacts. The purpose of the arc control devices is to improve
operating capacity, speed up the extinction of arc, and decrease pressure on the tank. The arc
control devices can be classified into two groups: cross-blast and axial blast interrupters.
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The oil circuit breakers are usually installed on concrete foundations at the ground level. During
interruption of heavy fault currents the breakers tend to move. To minimize the damage to the
breakers, breakers with very high interrupting capacity have an impulse cushion is provided at
the bottom of the breakers. The cushion is filled with an inert gas, for example nitrogen. [4][40]
2.11.1.1(b) Minimum Oil Circuit Breakers
In the bulk oil breakers, the oil serves as both arcs extinguishing medium and main
insulation. The minimum oil breakers were developed to reduce the oil volume only to amount
needed for extinguishing of the arc – about 10% of the bulk- oil amount. The arc control for the
minimum oil breakers is based on the same principle as the arc control devices of the bulk oil
breakers. To improve breaker performance, oil is injected into the arc.
Figure 2.18: Minimum Oil circuit breaker
1 vent valve 6 separating piston
2 terminal pad 7 terminal pad
3 oil level indicator 8 upper drain valve
4 moving contact 9 lower drain valves
5 lower fixed contact
The interrupter containers of the minimum oil breakers are made of insulating material and are
insulated from the ground. This is usually referred to as live tank construction. For high
voltages (above 132 kV), the interrupters are arranged in series. It is essential to ensure that each
interrupter carries its share of the duty. Care must be taken that all breaks occur simultaneously,
and that the restriking voltage is divided equally across the breaks during the interrupting
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process. The natural voltage division depends on stray capacitances between the contacts and to
the ground, and therefore is in very uneven. This is corrected by connecting capacitances or
resistors in parallel with the interrupting heads. [4][40]
2.11.1.2 Sulfur Hexafluoride (SF6) high-voltage circuit-breakers
High-voltage circuit-breakers have greatly changed since they were first introduced about 40
years ago, and several interrupting principles have been developed that have contributed
successively to a large reduction of the operating energy. These breakers are available for indoor
or outdoor applications, the latter being in the form of breaker poles housed in ceramic insulators
mounted on a structure.
Figure 2.19: SF6 Circuit Breaker
Current interruption in a high-voltage circuit-breaker is obtained by separating two contacts in a
medium, such as SF6, having excellent dielectric and arc quenching properties. After contact
separation, current is carried through an arc and is interrupted when this arc is cooled by a gas
blast of sufficient intensity.
Gas blast applied on the arc must be able to cool it rapidly so that gas temperature between the
contacts is reduced from 20,000 K to less than 2000 K in a few hundred microseconds, so that it
is able to withstand the transient recovery voltage that is applied across the contacts after current
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interruption. Sulfur hexafluoride is generally used in present high-voltage circuit-breakers (of
rated voltage higher than 52 kV).
In the 1980s and 1990s, the pressure necessary to blast the arc was generated mostly by gas
heating using arc energy. It is now possible to use low energy spring-loaded mechanisms to drive
high-voltage circuit-breakers up to 800 kV. [4][40]
2.11.1.3 Air Blast Circuit Breaker
Fast operations, suitability for repeated operation, auto reclosure, unit type multi break
constructions, simple assembly, modest maintenance are some of the main features of air blast
circuit breakers. A compressors plant necessary to maintain high air pressure in the air receiver.
The air blast circuit breakers are especially suitable for railways and arc furnaces, where the
breaker operates repeatedly. Air blast circuit breakers are used for interconnected lines and
important lines where rapid operation is desired.
Figure 2.20: Air Blast Circuit Breaker
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High pressure air at a pressure between 20 to 30 kg/ cm2 stored in the air reservoir. Air is taken
from the compressed air system. Three hollow insulator columns are mounted on the reservoir
with valves at their basis. The double arc extinguished chambers are mounted on the top of the
hollow insulator chambers. The current carrying parts connect the three arc extinction chambers
to each other in series and the pole to the neighboring equipment. Since there exists a very high
voltage between the conductor and the air reservoir, the entire arc extinction chambers assembly
is mounted on insulators. [4][40]
2.11.1.4 Vacuum circuit breakers
Vacuum circuit breakers are circuit breakers which are used to protect medium and high voltage
circuits from dangerous electrical situations. Like other types of circuit breakers, vacuum circuit
breakers literally break the circuit so that energy cannot continue flowing through it, thereby
preventing fires, power surges, and other problems which may emerge. These devices have been
utilized since the 1920s, and several companies have introduced refinements to make them even
safer and more effective.
Figure 2.21: Vacuum circuit breakers
In a vacuum circuit breaker, two electrical contacts are enclosed in a vacuum. One of the
contacts is fixed, and one of the contacts is movable. When the circuit breaker detects a
dangerous situation, the movable contact pulls away from the fixed contact, interrupting the
current. Because the contacts are in a vacuum, arcing between the contacts is suppressed,
ensuring that the circuit remains open. As long as the circuit is open, it will not be energized.
Vacuum reclosers will automatically reset when conditions are safe again, closing the circuit and
allowing electricity to flow through it. Reclosers can usually go through several cycles before
they will need to be manually reset. Other types of vacuum circuit breakers require resetting
every time the breaker trips. Before a manual reset, the person doing the resetting needs to check
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the system to determine what caused the unsafe conditions in the first place, and make sure that
they have been addressed.
Vacuum circuit breakers are very durable, and they are designed to last for an extended period of
time. These electrical safety devices can be made with a variety of materials, depending on the
need and the preference of the manufacturer. As with other devices used to interrupt current for
safety, vacuum circuit breakers are given a rating which indicates the kind of conditions they can
handle. When people install circuit breakers, they must confirm that the breaker they are using is
suitable for the conditions; a breaker which is rated too low can fail catastrophically.
Other techniques can be used for arc suppression with medium and high voltage electrical
systems, such as filling circuit breakers with inert gases to suppress arcing. Arc suppression is a
major concern with heavy duty power systems because if an arc forms, it can override the circuit
breaker and create very dangerous and very undesirable conditions. Companies which develop
circuit breakers for these applications usually test their breaker designs extensively to confirm
that they are safe. [4][40]
2.12 Contactors for Capacitor Switching
2.12.1 Capacitor Transient Conditions
In Low Voltage industrial installations, capacitors are mainly used for reactive energy correction
(raising the power factor). When these capacitors are energized, over currents of high amplitude
and high frequencies (3 to 15 kHz) occur during the transient period (1 to 2 ms).
The amplitude of these current peaks, also known as "inrush current peaks", depends on the
following factors:
 The network inductances.
 The transformer power and short-circuit voltage.
 The type of power factor correction.
There are 2 types of power factor correction: fixed or automatic
Fixed power factor correction consists of inserting, in parallel on the network, a capacitor bank
whose total power is provided by the assembly of capacitors of identical or different ratings. The
bank is energized by a contactor that simultaneously supplies all the capacitors (a single step).
The inrush current peak, in the case of fixed correction, can reach 30 times the nominal current
of the capacitor bank.
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Figure 2.22: Fixed PFC-Single-step capacitor bank                 Figure 2.23: Automatic PFC-Multi-step capacitor bank
scheme Use the A/AF... contactor ranges. scheme Use the UA... or UA..RA contactor ranges.
An automatic power factor correction system, on the other hand, consists of several capacitor
banks of identical or different ratings (several steps), energized separately according to the value
of the power factor to be corrected. An electronic device automatically determines the power of
the steps to be energized and activates the relevant contactors. The inrush current peak, in the
case of automatic correction, depends on the power of the steps already on duty, and can reach
100 times the nominal current of the step to be energized.
Steady State Condition Data
The presence of harmonics and the network's voltage tolerance lead to a current, estimated to be
1.3 times the nominal current In of the capacitor, permanently circulating in the circuit.
Taking into account the manufacturing tolerances, the exact power of a capacitor can reach 1.15
times its nominal power. Standard IEC 60831-1 Edition 2002 specifies that the capacitor must
therefore have a maximum thermal current IT of: [32][43]
IT = 1.3 x 1.15 x In = 1.5 x In
2.12.2 Consequences for the Contactors
To avoid malfunctions (welding of main poles, abnormal temperature rise, etc.), contactors for
capacitor bank switching must be sized to withstand:
 A permanent current that can reach 1.5 times the nominal current of the capacitor bank.
 The short but high peak current on pole closing (maximum permissible peak current Î).
3 contactor versions according to the value of the inrush current peak and the power of the
capacitor bank.
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2.12.3 UA..RA Contactors for Capacitor Switching (UA 16..RA to UA 110..RA)
with insertion of damping resistors.
The insertion of damping resistors protects the contactor and the capacitor from the highest
inrush currents
1SBC5 8779 4F0301 1SBC5 8777 4F0301 1SBC5 8776 4F0301 1SBC5 9144 4F0302
Figure 2.24: UA..RA contactors for capacitor switching
Application
The UA..RA contactors can be used in installations in which the peak current far exceeds 100
times nominal rms current. The contactors are delivered complete with their damping resistors
and must be used without additional inductances (see table below). The capacitors must be
discharged (maximum residual voltage at terminals ≤ 50 V) before being re-energized when the
contactors are making. Their electrical durability is 250 000 operating cycles for Ue < 500 V and
100 000 operating cycles for 500 V < Ue < 690 V.
Description
The UA..RA contactors are fitted with a special front mounted block, which ensures the serial
insertion of 3 damping resistors into the circuit to limit the current peak on energization of the
capacitor bank. Their connection also ensures capacitor precharging in order to limit the second
current peak occurring upon making of the main poles.
Operating principle
The front-mounted block mechanism of the UA..RA contactors ensures:
● early making of the auxiliary "PA" poles with respect to the main "PP" poles
● automatic return to the open position of the auxiliary "PA" poles after the main poles are
closed.
When the coil is energized, the early making auxiliary poles connect the capacitor to the
network via the set of 3 resistors. The damping resistors attenuate the first current peak and the
second inrush current when the main contacts begin to make. Once the main poles are in the
closed position, the auxiliary poles automatically break.
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When the coil is de-energized, the main poles break ensuring the breaking of the capacitor
bank. The contactor can then begin a new cycle. [32][43]
Table 2.1: Selection Table according to IEC
2.12.4 UA... Contactors for Capacitor Switching (UA 16 to UA 110)
Maximum permissible peak current Î < 100 times the nominal rms current of the switched
capacitor.
1SBC5 9169 4F0303 1SBC5 8009 3F0303 1SBC5 8078 3F0303 1SBC5 8010 5F0303
Figure 2.25: UA.. Contactors for capacitor switching
Application
The UA... contactors can be used for the switching of capacitor banks whose inrush current
peaks are less than or equal to 100 times nominal rms current. The table below gives the
permissible powers according to operational voltage and temperature close to the contactor. It
also specifies the maximum peak current Î values accepted by the contactor.
The capacitors must be discharged (maximum residual voltage at terminals < 50 V) before being
re-energized when the contactors are making. In these conditions, electrical durability of
contactors is equal to 100 000 operating cycles.
Description
See general design for A... standard contactors.
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Table 2.2: Selection Table according to IEC
For 220 V and 380 V, multiply by 0.9 the rated values at 230 V and 400 V respectively.
Example: 50 kvar/400 V corresponding to 0.9 x 50 = 45 kvar/380 V.
The capacitor bank will be protected by gG type fuses whose rating is equal to 1.5 ... 1.8 times
nominal current [32][43]
2.12.5 A... and AF... Standard Contactors (A 12 to A 300 and AF 50 to AF 750)
Maximum permissible peak current Î < 30 times the nominal rms current of the switched
capacitor.
1SBC5 9169 4F0303 1SBC5 8075 3F0301 1SBC5 7324 2F0301 1SFC1 0103 4F0201
Figure 2.26: A… and AF… standard contactor
Application
The A... and AF... contactors are suited for capacitor bank switching for the peak current and
power values in the table below. The capacitors must be discharged (maximum residual voltage
at terminals < 50 V) before being re-energized when the contactors are making. In these
conditions, electrical durability of contactors is equal to 100 000 operating cycles.
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Table 2.3: Selection Table according to IEC
Note: For 3-pole A 16 ... A 110 contactors used with anti-resonance inductances (Several mH, built specially to suppress inrush current), see
Calculation and dimensioning.
If, in an application, the current peak is greater than the maximum peak current Î specified in the
table above, select a higher rating, refer to the UA... contactors, or add inductances, see
Calculation and dimensioning. [32][43]
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Chapter - 3
Power Factor Improvement Method
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3.1 Reactive power compensation methods
Generally speaking, an undesired power factor value caused by inductive load connected to the
supplying network can be corrected (compensated) by means of loads having capacitive
behavior. Practically, there are two methods of reactive power compensation in electric
networks, which are depicted on the diagram below:
Figure 3.1: Devices for natural and artificial compensation method, source
For not complex electric grids where there is a small amount of inductive loads, natural method
of compensation might be good enough, especially when desired parameters of the grid are not
excessive. In case of large power grids, mentioned method is not sufficient, so there is a need to
improve the network parameters by means of artificial reactive power compensation method. [3]
3.2 Power factor improvement equipment
Normally, the power factor whole load on a large generating station is in the region of 0.8 to 0.9.
However, sometimes it is lower and in such causes it is generally desirable to take special steps
to improve the power factor. [2]
This can be achieved by the following equipment:
1. Static capacitors
2. Synchronous condenser
3. Phase advancers
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Figure3.2: 3-Φ loads, delta and star connection of capacitor
3.2.1 Static capacitor. The power factor can be improved by connecting capacitors in
parallel with the equipment operating at lagging power factor. The capacitor (generally
known as static ** capacitor) draws a leading current and partly or completely neutralises
the lagging reactive component of load current. This raises the power factor of the load.
For three-phase loads, the capacitors can be connected in delta or star as shown in Fig 3.2
Static capacitors are invariably used for power factor improvement in factories. [2]
Advantages
1. They have low losses.
2. They required little maintenance as there are no rotating parts.
3. They can be easily installed as they are light and require no foundation.
4. They can work under ordinary atmospheric foundation.
Disadvantages
1. They have short service life ranging from 8 to 10 years.
2. They are easily damaged if the voltage exceeds the rated value.
3. Once the capacitors are damaged, their repair is uneconomical.
3.2.1(a) Banks of static capacitors
A capacitor is a passive dipole consisting of two conducting surfaces called plates, isolated from
one another bya dielectric material.
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Figure3.3: Capacitor conducting plates
The system thus obtained is impregnated to prevent the penetration of humidity or of gas pockets
which could cause electrical discharges.
The last generation capacitors are dry-type and undergo a specific treatment which improve their
electrical characteristics. Using dry-type capacitors there is no risk of pollution because of the
incidental leak of the impregnating substance.
According to the geometry of the metal plates, it is possible to have:
• plane capacitors;
• cylindrical capacitors;
• spherical capacitors.
Figure 3.4: Metal plates of capacitor
The main parameters which characterize a capacitor are:
• The rated capacitance Cn: the value obtained from the rated values of power, voltage and
frequency of the capacitor;
• The rated power Qn: the reactive power for which the capacitor has been designed;
• The rated voltage Un: the r.m.s. value of the alternating voltage for which the capacitor has
been designed;
• The rated frequency fn: the frequency for which the capacitor has been designed.
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When an alternating voltage is applied across the plates, the capacitor is subjected to charge and
discharge cycles, during which it stores reactive energy (capacitor charge) and injects such
energy into the circuit to which it is connected (capacitor discharge).
Such energy is given by the following relation:
Ec= .C.U2
Where:
• C is the capacitance;
• U is the voltage applied to the terminals of the capacitor.
Because of their capability of storing and delivering energy, capacitors are used as basic element
for the realization of power factor correction banks (for all voltage levels) and of static devices
for the regulation of reactive power1.
In particular, the power factor correction capacitors used for low voltage applications are
constituted by singlephase components of metalized polypropylene film and can be of the self-
healing type. In these capacitors, the dielectric part damaged by a discharge is capable of self-
restoring; in fact, when such situations occur, the part of the polypropylene film affected by the
discharge evaporates due to the thermal effect caused by the discharge itself, thus restoring the
damaged part. [1]
3.2.2(b) Choice of the capacitor
The capacitor supplies the reactive power necessary to increase the power factor up to the
desired value.
The characteristics of a capacitor, reported on its nameplate, are:
• rated voltage Un;
• rated frequency f;
• reactive power Qc, expressed in kvar (reactive power of the capacitor bank).
It is necessary to note that the reactive power at the service voltage is different from the rated
power given on the nameplate and referred to the rated voltage; the following formula allows to
calculate the effective power of a capacitor or of a capacitor bank:
Qresa= Qc. ( ) 2
Where:
• Qc is the reactive power at the rated voltage Un;
• Qsupplied is the effective power at the service voltage Ue. [1]
For example, a capacitor with 100 kvar rated reactive power at 500 V shall deliver 64 kvar power
at 400 V.
From the data on the nameplate it is possible to obtain the characteristic parameters of the
capacitor:
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Single phase circuit
Table 3.1: single phase rated current, reactance, and capacitance equation
Three-phase circuit
In a three-phase circuit, the capacitors can be star- or delta-connected; the following table shows
the values of power and rated current according to the connection modality.
Table 3.2: Three phase rated current, reactance, and capacitance equation
3.2.3(c) How Capacitors Work
Induction motors, transformers and many other electrical loads require magnetizing current
(KVAR) as well as actual power (KW). By representing these components of apparent power
(KVA) as the sides of a right triangle, we can determine the apparent power from the right
triangle rule: KVA2 = KW2 + KVAR2. To reduce the KVA required for any given load, you must
shorten the line that represents the KVAR. This is precisely what capacitors do.
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The capacitor performs the function of an energy storage device. By supplying KVAR right at
the load, the capacitors relieve the utility of the burden of carrying the extra KVAR. This makes
the utility transmission/distribution system more efficient, reducing cost for the utility and their
customers.
The figure below shows an induction motor operating under partially loaded conditions without
power factor correction. Here the feeder line must supply both magnetizing (reactive) and useful
currents.
Figure 3.5: Before power factor correction real & reactive power
The figure below shows the results of installing a capacitor near the same motor to supply the
magnetizing current required to operate it. The total current requirement has been reduced to
the value of the useful current only, thus either reducing power cost or permitting the use of
more electrical equipment on the same circuit.
Figure 3.6: After power factor correction real & reactive power
In the illustration above, addition of the capacitor has improved line power factor and subtracted
the non-working current from the lines. Rather than transfer energy back and forth between load
and generator, the reactive energy to supply the magnetizing current is now stored in a capacitor
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at the load, thus reducing the distribution requirements for excessive current. This reactive
current supplied by the capacitor rather than the utility. [25]
3.2.2 Synchronous condenser. A synchronous motor takes a leading current when over
excited and therefore, behaves as a capacitor. An over-excited synchronous motor
running on no load is known as synchronous condenser .When such a machine is
connected in parallel with the supply, it takes a leading current which partly neutralizes
the lagging reactive component of the load. Thus the power factor is improved.
Figure 3.7: 3-Φ synchronous condenser & vector diagram
shows the power factor improvement by synchronous condenser method. The 3Φ load takes
current IL at low lagging power factor cosφL. The synchronous condenser takes a current Im
which leads the voltage by an angle φm * .The resultant current I is the phasor sum of Im and IL
and lags behind the voltage by an angle φ. It is  clear that φ is less than φL so that cosφ is greater
than cosφL. Thus the power is increase from cosφL to cosφ. Synchronous condensers are
generally used a major bulk substations for power factor improvement. [2]
Advantages:
1. By varying the field excitation, the magnitude of current drawn by the motor can be changed
by any amount. This helps in achieving control power factor.
2. The motor windings have high thermal stability to short circuit currents.
3 .The faults can be remove easily.
Disadvantage:
1. There are considerable losses in the motor.
2. The maintenance cost is high.
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3 .It produces noise.
4. Expect in sizes above 500 KVA, the cost is greater than that of static capacitors of the same
rating.
5. As a synchronous motor has no self-starting torque, therefore an auxiliary equipment has to be
provided for this purpose.
3.2.3 Phase advancers. Phase advancers are used to improve the power factor of induction
motors. The low power factor of induction motor is due to the fact that its stator winding
draws exciting current which lags behind the supply voltage by 90.If the exciting ampere
turns can be provided front some other a.c. source, then the stator winding will be
relieved of exciting current and the power factor of the motor can be improved. This job
accomplished by the phase advancer which is simply an a.c. exciter. The phase advancer
is mounted on the same shaft as the main motor and is connected to the rotor circuit of
the motor. It provides exciting ampere turns to the rotor circuit at slip frequency. By
providing more ampere turns than required, the induction motor can be made to operate
on leading power factor like an over-excited synchronous motor.
Phase advancer has two principal advantages. Firstly, as the exciting ampere turns are supplied at
slip frequency, therefore lagging KVAR drawn by the motor are considerably reduced. Secondly,
phase advancer can be conveniently used where the use of synchronous motors is unadmissible.
However, the major disadvantage of phase advancers is that they are not economical for motors
below 200 H.P. [2]
3.3 Types of power factor correction method
In the previous chapters the technical and economic advantages of power factor correction have
been discussed. Now it is important to understand where the capacitors are to be installed for a
better exploitation of such advantages.
There are no general rules applicable to every type of installation and, in theory, capacitors can
be installed at any point, but it is necessary to evaluate the relevant practical and economical
feasibility.[1]
According to the location modalities of the capacitors, the main methods of power factor
correction are:
1. Distributed power factor correction;
2. Group power factor correction;
3. Centralized power factor correction;
4. Combined power factor correction;
5. Automatic power factor correction.
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3.3.1 Distributed or Single power factor correction
Distributed power factor correction is achieved by connecting a capacitor bank properly sized
directly to the terminals of the load which demands reactive power.
The installation is simple and inexpensive; capacitor and load can use the same protective
devices against over currents and are connected and disconnected si-multaneously.
This type of power factor correction is advisable in the case of large electrical equipment with
constant load and power and long connection times and it is generally used for motors and
fluorescent lamps.[1]
Single (fixed) power factor correction – put in practice by connecting power capacitor directly
to terminals of a device that has to be compensated. Thanks of this solution, electric grid load is
minimized, since reactive power is generated at the device terminals. This method eliminates
controlling devices, since capacitor is being switched on and off by means of the same switch as
the device. The main disadvantage of this method is that the capacitor is not being used when the
device is not operating. Moreover, the series of type of capacitors offered by manufacturers is
not always sufficient to meet the requirements.
Figure 3.8: Illustration of fixed power factor correction
The figure above depicts capacitor banks connection (CB) in an example electric system. It is
noticeable, that each CB is connected directly to a particular load.
Figure 3.9: Capacitor bank connection across motor
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In case of direct connection (diagrams 1 and 2), the following risk may be run: after the
disconnection from the supply, the motor will continue to rotate (residual kinetic energy) and
self-excite with the reactive energy drawn from the capacitor bank, and may turn into an
asynchronous generator. In this case, the voltage on the load side of the switching and control
device is maintained, with the risk of dangerous over voltages (up to twice the rated voltage
value).[3]
When using diagram 3, the compensation bank is connected only after the motor has been started
and disconnected in advance with respect to the switching off of the motor supply.
With this type of power factor correction the network on the supply side of the load works with a
high power factor; on the other hand, this solution results economically onerous.
Advantages
1. Compensation at the place of reactive power generation.
2. Minimize the load at the mains
3. Small capacitor power
4. No regulator for control , multi-level CB
Disadvantages
1. Maintains demanded tgφ only for one piece of equipment
2. Switching the device off stops operation of capacitor bank
3. Big amount of compensating units
4. Does not compensate whole grid [1]
3.3.2 Group power factor correction
It consists in improving locally the power factor of groups of loads having similar functioning
characteristics by installing a dedicated capacitor bank.
This is the method reaching a compromise between the inexpensive solution and the proper
management of the installation since the benefits deriving from power factor correction shall be
felt only by the line upstream the point where the capacitor bank is located.
This method is more effective than the previous one. Group PFC assumes compensation of a
group of loads supplied by the same switchgear. Capacitor bank is usually controlled by the
microprocessor based device called power factor regulator. Beside, this method force applying
protection for power capacitors.[1][3]
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Figure3.10: Illustration of group power factor correction
In this case, capacitor banks are connected to the bus-bars, which supply a group of loads.
Advantages
1. Minimized number of capacitor banks compared to single compensation method
2. Particular parts of the mains are being compensated (closer to the source)
Disadvantages
1. poor adaptation to the mains parameters
2. very often needs controlling devices (PFR)
3. more expensive than bulk compensation in terms of the bigger number of capacitor banks
3.3.3 Centralized power factor correction
The profile of loads connected during the day has a primary importance for the choice of the
most convenient type of power factor correction.
For installations with many loads, where not all the loads function simultaneously and/or some
loads are connected for just a few hours a day, it is evident that the solution of distributed power
factor correction becomes too onerous since many of the installed capacitors stay idle for a long
time. Therefore the use of one compensation system only located at the origin of the installation
allows a remarkable reduction of the total power of the installed capacitors.
In centralized power factor correction automatic assemblies are normally used (see below
automatic power factor correction) with banks divided into steps, installed directly in the main
distribution boards; the use of a permanently connected bank is possible only if the absorption
of reactive energy is quite constant all day long.
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Figure 3.11: Illustration of bulk or Centralized power factor correction
This method assumes one compensating device for the whole object (inside the transformer
station or in switching station). This solution minimize total reactive power to be installed and
power factor can be maintained at the same level with the use of automatic regulation what
makes the PF close to the desired one. The drawback is that supplying and distribution network,
transformer as well as mains supplying all the equipment is loaded by reactive current. This type
of compensation method demands capacitor banks to have wide range of power regulation,
which can be determined by 24h measurements at the place of CB installation. This is not the
best solution for large electric system, especially when the distance between the source and
nonlinear receivers is long. The longer distance, the bigger losses in transmission system. For
this reason most commonly used method of PFC is the group compensation, while for nonlinear
loads of big power single compensation is applied.[1][3]
The centralized solution allows an optimization of the costs of the capacitor bank, but presents
the disadvantage that the distribution lines on the load side of the power factor correction device
shall be sized keeping into saccount the full reactive power absorbed by the loads.
Advantages
1. The cheapest method
2. Limited number of capacitor banks
Disadvantages
1. Ensure constant gφ value only at the terminals
2. Mains inside an object is not sufficiently compensated
3. Risk of distortions and resonance phenomenon occurrence
3.3.4 Combined power factor correction
This solution derives from a compromise between the two solutions of distributed and
centralized power factor correction and it exploits the advantages they offer. In such way, the
distributed compensation is used for high power electrical equipment and the centralized
modality for the remaining part.
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Combined power factor correction is prevailingly used in installations where large equipment
only are frequently used; in such circumstances their power factor is corrected individually,
whereas the power factor of small equipment is corrected by the centralized modality.[1][3]
3.3.5 Automatic power factor correction
In most installations there is not a constant absorption of reactive power for example due to
working cycles for which machines with different electrical characteristics are used.
In such installations there are systems for automatic power factor correction which, thanks to a
monitoring varmetric device and a power factor regulator, allow the automatic switching of
different capacitor banks, thus following the variations of the absorbed reactive power and
keeping constant the power factor of the installation constant.[1][3]
An automatic compensation system is formed by:
1. Some sensors detecting current and voltage signals;
2. An intelligent unit which compares the measured power factor with the desired one and
operates the connection and disconnection of the capacitor banks with the necessary
reactive power (power factor regulator);
3. An electric power board comprising switching and protection devices;
4. Some capacitor banks.
In the matter of fact, each method can be applied for reactive power compensation in power grid,
but each with different effectiveness. In order to put in practice particular method, it is necessary
to fulfill some conditions. The factors that decide about the choice of satisfying methods are as
follows:
1. Number of receivers in a grid and how many of them needs PFC
2. Demanded level of grid compensation
3. Size and grid complexity
4. Possibility of CB arrangement
5. Type of equipment connected to the compensated mains and its behavior
(inductive/capacitive)
6. Higher order harmonic presence
Sometimes, depending on the factors listed above, more than one method has to be applied in
order to meet the PFC requirements.
To supply a power as near as possible to the demanded one, the connection of the capacitors is
implemented step by step with a control accuracy which will be the greater the more steps are
foreseen and the smaller the difference is between them.
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Chapter – 4
Design and Details of a 200KVAR Power Factor Improvement plant
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4.1Objective
A plant has a 600 KVA transformer operating near capacity. The present power factor is 70%, so
the actual working power available is 400kW.
Before Correction:
Maximum Demand of KVA = . = 572KVAKVA2 = KW2 + KVAR2
KVAR of system = √ (KVA2 – KW2)
= √ (5722 - 4002)
= 408KVAR
It is desired to increase production, a better solution would be to improve the power factor and
release enough capacity to accommodate the increased load. If want to improve power factor
from 70% to 90%.
After correction:
Maximum Demand of KVA = . = 445KVAKVA2 = KW2 + KVAR2
KVAR of system = √ (KVA2 – KW2)
= √ (4452 - 4002)
= 195KVAR
After power factor correction, maximum demand decrease almost 127KVA.
So, we should design a power improvement plant for 200KVAR.
4.2 Annual cost calculation
Annual cost before correction
Max. KVA demand = 400/0.7
= 572KVA
KVA demand charges = (572*1100) [Consider, 1KVA=1100Tk]
= 629200Tk
Units consumed/year = 400*3600(hours)
= 1440000KWh
Energy charges/year = 5.2*1440000                  [Consider, 1KWh=5.2Tk]
= 7488000Tk
Total annual cost = (629200+7488000)
= 8117200Tk
But if improve power factor up to 0.90
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Annual cost after p.f correction
Max. KVA demand = 400/0.90
= 445KVA
KVA demand charges = (445*1100) [Consider, 1KVA=1100Tk]
= 489500Tk
Units consumed/year = 400*3600(hours)
= 1440000KWh
Energy charges/year = (5.2*1440000)              [Consider, 1KWh=5.2Tk]
= 7488000Tk
Total annual cost = (489500+7488000)
= 7977500Tk
Annual Saving = (8117200 – 7977500)
=139700Tk
4.3 Important of PFI
Power factor improvement plant is very important for a power station to reduce the losses.
Different type of electrical equipment is installing in a power factor improvement plant. PFI is
installing in large power station, industrial substation, indoor substation etc. The important of
PFI for the below:
Benefit 1 - Reduce Utility Power Bills
In areas where a KVA demand clause or some other form of low power factor penalty is
incorporated in the electric utility's power rate structure, removing system KVAR improves the
power factor; reduce power bills by reducing the KVA. Most utility bills are influenced by
KVAR usage.[25]
Benefit 2 – Increase System Capacity
The power factor improvement releases system capacity and permits additional loads (motors,
lighting, etc.) to be added without overloading the system. In a typical system with a 0.80 PF,
only 800 KW of productive power is available out of 1000 KVA installed. By correcting the
system to unity (1.0 PF), the KW = KVA. Now the corrected system will support 1000 KW,
versus the 800 KW at the .80 PF uncorrected condition; an increase of 200 KW of productive
power. This is achieved by adding capacitors which furnish the necessary magnetizing current
for induction motors and transformers. Capacitors reduce the current drawn from the power
supply; less current means lesser load on transformers and feeder circuits. Power factor
correction through devices such as capacitors can avoid an investment in more expensive
transformers, switchgear and cable, otherwise required to serve additional load. The figure below
shows the empirical relationship of system capacity vs. power factor. From the figure one can
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see that improving power factor from .8 to .9 or .8 to .95 shall release approximately 12% or
20% system capacity respectively. [25]
Figure 4.1: System capacity vs. Power Factor
Benefit 3 - Improve System Operating Characteristics (Gain Voltage)
A good power factor (0.95) provides a "stiffer" voltage, typically a 1-2% voltage rise can be
expected when power factor is brought to +\-0.95. Excessive voltage drops can make your
motors sluggish, and cause them to overheat. Low voltage also interferes with lighting, the
proper application of motor controls and electrical and electronic instruments. Motor
performance is improved and so is production.[25]
An estimate of voltage rise from the improved power factor with the installation of power
capacitors can be made using following equation:
% of Voltage Rise = KVAR of capacitor ∗ % Impedance of TransformerKVA of Transformer
Benefit 4 - Improve System Operating Characteristics (Reduce Line Losses)
Improving power factor at the load points shall relieve the system of transmitting reactive
current. Less current shall mean lower losses in the distribution system of the facility since losses
are proportional to the square of the current (I2R). Therefore, fewer kilowatt-hours need to be
purchased from the utility.[25]
An estimate of reduction of power losses can be made using following equation:
% Reduction of Power Losses = 100 – 100 (Original Power Factor / Improved Power Factor) 2
4.4 Determining Capacitor Requirements
When deciding which type of capacitor installation best meets weight the advantages and
disadvantages of each and consider several plant variables, including load type, load constancy,
load capacity, motor starting method.
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A. Load type
If the plant consist of many large motors, 50 Hp and above, it is usually economical to install one
capacitor per motor and switch the capacitor and motor together. If the plant has many small
motors, ½ to 25 hp, group motors and install one capacitor at a control point in the distribution
system. The best solution per plants with large and small motor is to used both types of capacitor
installation.
B. Load Size
Facilities with large loads benefit from a combination of individual load, group load and banks of
fixed and automatically-switched capacitor units. A small facility may need only one capacitor as
the control board. Sometimes, only an isolated trouble spot requires power factor correction. This
may be the case if the plant has welding machines, induction heaters or dc drives. If a particular
feeder serving s low power factor load is connected, it may raise overall plant power factor
enough that additional capacitors are unnecessary.
C. Load Constancy
If the plant operates around the clock and has a constant load demand, fixed capacitors offer the
greatest economy. If lead is determined by eight-hour shift five day a week, switched units are
wanted more to decrease capacitance during times of reduced load.
D. Load capacity
If the feeder or transformers are overloaded, or if additional load is added to already load lines,
correction needs at the load if the facility has surplus amperage, the capacitor banks are installed
at main feeders. If load varied a great deal, automatic switching is probably the solution.
4.5 Capacitor bank protection
When connected to the main supply, this unit contains dangerous voltages, which may be fatal.
The main isolating switch for this unit may be behind the door or mounted on the main
switchboard, identify this before attempting to work on this unit. Ensure all power is off and wait
at least 5 minutes. Check for all the presence of power with a reliable meter before touching any
conductors.
Proper operation of capacitor bank is very important issue. One needs to bear in mind, that
capacitor bank switching can cause many unwanted phenomena. According to the standards, the
capacitor bank can be disconnected when:
 Increased voltage across capacitor bank terminals. In some cases, increased voltage is
permissible as far as it does not exceed 110% of rated voltage
 Current value is greater than 130% of rated current of capacitor bank
 phase currents asymmetry no more than 5% for star and 10% for delta connection,
referring to the phase current in the phase that is the most loaded
 ambient temperature is higher than the one determined in the technical documentation
 capacitor deformation
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 sparking on capacitors` terminals and other issues that may cause the problems during
operation
The short circuit protection of the capacitors is provided by the switch disconnectors. For the
capacitors the fuse link rated current should be 1.6 time of the rated reactive current of the
capacitor. I = .√ , where Un – rated voltage of the mains, Q, rated power of the capacitor atrated mains voltage.
Not only capacitors should be protected against short circuit, but the whole capacitor bank as
well. Usually, in the switchgear from which the CB is supplied, there is an additional circuit
breaker for the capacitor bank. Its value should be selected as:
· Standard capacitor bank: 1,36xIn
· Overrated capacitor bank: 1,50xIn
· Capacitor bank with reactors (n=4.3): 1,21xIn
The next important issue is to provide proper section of the wires and conductors, which has to
be able to withstand at least 1,5 of the nominal reactive current.
One needs to remember, that the control and cooling circuits also need protection. It is provided
by the fuse links with rated current of 6A in compliance with technical documentation of PFR.
4.6 Types of protection
In the capacitor banks, there are plenty of distortions that may occur such as voltage rise, short
circuits, interior capacitor failure, rise of temperature, and others. In order to protect the
capacitors, there is a need to apply additional protection. In the below section of this work, the
typical distortion are described as well as the method to protect from them.
a) Increase of supplying voltage may cause rise of reactive power produced by a capacitor
according to the formula
QC = U2. ωC
In result, there is a risk of the temperature rise of the unit. In order to protect against this type of
distortion, overvoltage relay (for voltage control) and over current protection (for phase current
control) might be used.
b) Phase to phase fault can cause exterior fault. The protection is easily feasible through
instantaneous over current protection. The protection setting should be as follows:
Ip = (1,5 - 2)IN
With operation time below 0.3 seconds
c) Damages within capacitor bank can be caused by the faults within the unit. Usually, star –delta
overvoltage relay is used to prevent a failure, supplied by open-delta voltage transformers. The
second solution is over current star – star relay connected to neutral points of star connection of
both units
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d) Temperature rise can bring the same effect as described in the point “a”. In order to prevent
this type of failure two level temperature sensors are being used. The sensor has to send
information that is able to do both, signalize overheating and disconnect the unit.
e) Distortions in form of failure or overload which can be cleared by delayed and instantaneous
fuse – link.
4.7 Safety instructions
Caution: Dangerous voltages are exposed inside the cabinet. Every operation that involves
opening the door may therefore only be made by a qualified electrician.
The installation of the power factor correction system, the verification of its good working order
and any actions taken to rectify faults may only be carried out by appropriately qualified
specialists who have received instruction on the electrical hazards involved.
All other actions can be carried out by persons who have familiarized themselves with these
instructions and the operating manual for the reactive power control relay and follow them at all
times.[33]
 These instructions and the operating manual for the reactive power control relay must be
read through carefully before the system is installed, connected up and commissioned.
 The power factor correction system must always be earthed.
 Do not install the system near to any liquids, and do not expose it to an excessively
humid atmosphere.
 If the power factor correction system is visibly damaged, it must not be installed,
connected up or commissioned.
 Do not cover the ventilation grille.
 Do not expose the system to direct sunlight or install it near to a source of heat.
 If the system is not put into service immediately, it must be stored in a dry location at a
temperature between -20 °C and +60 °C.
 Please observe all current statutory regulations governing the recycling of the packaging
materials.
4.8 Simple VAR calculation
The total KVAR rating of capacitors required to improve the power factor to any desired value
can be calculated by using the tables published by leading power factor capacitor manufacturers.
[25]
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Table 4.1: Calculation table for capacitor selection
Step #1: Determine KW and Existing Power Factor.
Step # 2: Existing Power Factor on Table, move across table to Desired Power Factor. The
number represented is your multiplier number.
Step #3:Multiply KW by the multiplier of the Desired Power Factor.
Example-1
Assume factory load: 200 KW
Power factor before improvement: Cosφ= 0.80
Expected power factor: Cosφ= 0.95
Ratio of needed power capacity calculated from the above table is 0.42 thus needed capacity
C=200x0.42=84 KVAR
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4.9 Typical Layout of 200 KVAR Automatic Capacitor Bank [26][27][28]
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4.10 Standard Equipment Features (AVJ system • 240 - 480 - 600 volts • 3 phase • 60 Hz) [31]
 Correction to unity power factor, if desired.
 UL and cUL listed.
 NEMA 1 12-gauge steel cabinet enclosure with
ANSI #70 light grey paint.
 Dimensions are 33” W x 16.25”D x 90”H.
 Removable lifting eyes.
 Safety door interlock to prevent door from being opened while equipment is energized.
 Microprocessor-based controller with built-in voltage and harmonic alarms provides safe
and rapid indication of potential or real failure. Digital display of power factor, current,
and capacitor step status.
 Manual switching capability.
 External current transformer connections provided.
 •50 KAIC bracing.
 Plated copper bus.
 LED capacitor stage display.
 Air core inductors to limit inrush currents and transients.
 Industrial duty, UL approved metallized dielectric capacitors, less than .2 watts per
KVAR losses employing 200 kAIC current limiting fuses in all 3 phases.
 Designed to minimize installation time and costs.
 Top entry only.
 Convection cooling - no fans required.
 Ratings:120 KVAR maximum at 240 volts
300 KVAR maximum at 480 and 600 voltss
Optional Equipment Features
 Blown fuse indicator lights
 Split core current transformer
 Hand-off auto switches
 Molded case circuit breaker internally mounted with external operator
 60” high model also available - 200 KVAR maximum at 480 volts - designated AVM -
contact factory (breaker not available).
 Power on/off switch
4.11 Connection of a Reactive Power Control Relay
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Figure 4.3: Incorrect! The current transformer only registers the capacitor current: the capacitor
bank is not switched in. The reactive power control relay gives the message “I = 0” (no current in
transformer circuit)!
Figure 4.4: Incorrect! The current transformer only registers the load current: the capacitor bank
is switched in but not out again. Automatic calibration of the reactive power control relay is not
possible!
Figure 4.5: Correctly installed current transformer registers load current and capacitor current
[33]
4.12 Connection of a capacitor bank to the electric grid
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Usually, capacitor banks are connected to the three phase electric networks. Power factor
regulators, depending on the design, can be supplied by 230V or other voltage. However, most of
them need 230V of the supplying voltage. In order to achieve that, one can use a 400 / 230V
transformer. Power factor regulator needs to be connected to the one phase by the current
transformer using small cross section wire, such as i.e. YDY 2 x 2,5mm2. The current
transformer secondary site rated value is to be 5A. The primary site rated current depends on the
mains the capacitor bank is going to operate with. Assuming three phase mains, with phase
marking L1, L2 L3, and current transformer on the phase L1, the two other phases have to be
also connected to the power factor regulator as the voltage measurement circuit. One need to
bear in mind, that phase that is being used by the CT cannot be connected to the mentioned
measurement circuit!
Each stage of capacitor bank is connected to the supply through the main current circuit. The
current circuit is made of cooper bus bars which cross section is carefully selected taking into
account total reactive power of the capacitor bank as well as the supplying voltage. Summing up,
the cross sections of the bus bars within the CB are dependent on the total reactive current
flowing through the main current circuit. Furthermore, each section of the CB is equipped with
short – circuit protection and contactor.
It is important, to ground all the elements, that might be touched by the human. For the personnel
safety, there should be an additional master switch, which allows to disconnect the capacitor
bank from the main supply for maintenance without switching it off in the supplying switchgear.
The drawing below depicts the principle of capacitor bank connection to the three phase electric
network through the current transformer. Nomenclature for the picture
Tr1 – supplying transformer, CT – current transformer, MS – master switch, PFR – power factor
regulator, F – fuse, C – capacitor, Cont – contactor [3]
Figure 4.6:  Capacitor bank to network – connection scheme, Capacitor bank by Twelve Electric
4.13 Connection diagram
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4.13.1 Main circuit of CB
The next task, which designer has to handle is to create the connection diagram for All the
elements that were selected to be used in the capacitor bank. The capacitor bank should has two
technical drawings, namely, main circuit diagram and control circuit diagram. The main circuit
diagram should provide information how to:
1. Connect the capacitor bank to the supplying switchgear
Figure 4.7: Supplying network (Low voltage switchgear)
There is three phase network incoming to supply the capacitor bank (Low Voltage switchgear).
From the feeder, the incoming power is distributed through the bus bars mounted in the capacitor
bank. The cross section of the bus bars is chosen so that it can easily withstand the current flowing
through the device. Moreover, it is important to know the proper number of isolators holding the bus
bars, since it determines short circuit strength of the device. In case of the capacitor bank, there are
three insulators which gives short circuit strength of about 20 - 30kA
The connection points (red dots) L1, L2, and L3 represents the point of connection of the capacitors
and reactors with the bus bars.
Figure 4.8: The main circuit of CB
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The three cooper bus bars (cross section 30x10mm) L1, L2 and L3 are connected through the
wires to the switch disconnectors F1 – F6. All switch disconnectors has the same current strength
of 160A, the only thing that differs them from each other is rated current of the fuse link. The
terminals 2,4,6 of each disconnector are connected to the three phase reactor (D1 – D6). Each
reactor has thermal protection (contact 11 and 14). Next, the reactors are connected in series
through the contactors (K1 – K6). The terminals A1 and A2 (coil of the contactor supplied by
230V AC source) trip the contacts of the contactor. The second drawing “Control diagram”
explains in details how to connect the contactor`s coils with and thermal protection of the
reactors with the power factor regulator. The procedure of creating control circuit diagram will
be shown in few steps in the next subsection. [3]
4.13.2Control circuit
In order to connect all the control equipment and protection one needs a terminal stripe.
Terminal stripe will cross all necessary wires in order to make the circuit work.
Figure 4.9: Terminal stripe of capacitor bank
The terminal stripe needs to be provided together with the control circuit diagram for the
wireman, who was going to connect the equipment. The bottom part of the terminal stripe is
dedicated for the wires coming from:
1. Current transformer l – CT and k – CT from the supplying switchgear
2. Short circuit protection of regulator, ventilators (FS – 1…F2.4) as well as for the reactors
(D1 – D6)
The upper part of terminal stripe contains the outputs, which are connected through the wires
with the control, protection and cooling equipment. The letter “R” denotes the Power Factor
Regulator i.e. “ l – R “ is a connection of the terminal “l” of the current transformer with the
terminal “l” on the power factor regulator and so on. W1 – W3 terminals are assigned to
ventilators.
Extraction of terminal stripe
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According to the terminal stripe, one can wire the circuit step by step.
Figure 4.10: Control circuit of capacitor bank
First, on needs to use the phases L2 and L3 in order to supply the transformer Tr 40/230V
(250VA). The transformer is protected from short circuit by two pole switch disconnector  F1
whit the fuse link of 6A. At the output of the transformer, one gets the phase L (230V) and the
neutral N. The transformer will supply the equipment which needs 230V AC source to operate,
that are:
 Ventilators
 Power factor regulator
 Coils of the contactors
The ventilators are controlled by the thermostat T which will turn them on when the temperature
will rise above 35 degrees of Celsius. The phase L2 and L3 is connected to the power factor
regulator through the fuse FS2. The next picture will continue from the points 1, 2, 3, 4 and 5 at
the very bottom of the figure above.
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Figure 4.11: Control Circuit of capacitor bank
Starting from points 1,2,3,4 and 5 one continue designing the control circuit. The figure shows
the layout of the power factor regulator RMB 10.6. The regulator has got three terminal stripes
- l, k, alarm
- L1, L2, L3, N
- C, 1 – 6
The terminals “l” and “k” provide connection for the current transformer mounted on the phase
L1 in the main switchgear. The input alarm is connected in series with the lamp “LA” mounted
on the door of capacitor bank. The lamp will light up every time, when contact “ALARM” inside
the power factor regulator will close down. The light will signalize each improper operation or
error in the capacitor bank, Thanks of mounting it on the doors; it will be visible from far
distances. The second terminal stripes contains terminals L1, L2, L3 and N. The terminal L1 and
N is connected to the phase L and neutral wire N of the transformer respectively. In this way, one
provides the supply source for power factor regulator. Phases L2 and L3 are connected to
terminals L2 and L3 respectively. These terminals are responsible for the measuring of the
voltage. Moreover, phases L1, L2 and L3 are leaded through the switch WL1. This solution lets
disconnect the capacitor bank without disconnecting it at the main switchgear i.e. for the
maintenance. The last terminal stripe will control the coils of the contactors. The terminals 1 to 6
are connected to the coils of the contactors which trip the contacts in order to switch the
capacitor on or off. They are followed by the contacts D1 – D6. These are responsible for the
thermal protection of the reactors. In case, when the temperature rise above the limit, that is safe
for the reactors, the contact “D” of the reactor will switch off the circuit capacitor - reactor .
Putting all these diagrams together, one obtains complete control circuit diagram for the
capacitor bank. [3]
To properly select the amount of KVAR required to correct the lagging power factor of a 3-
phase motor you must follow the steps as stated.
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4.14 Main Control Circuit Diagram of 200 KVAR Automatic Capacitor Bank
[26][27][28]
Page 88 of 94
4.15 Automatic Switching of Capacitors
Automatic switching of capacitors is an ideal method of obtaining the full electrical and financial
benefits from a capacitor installation. Automatic power factor correction is a microprocessor-
controlled system designed to continuously regulate the power factor to the specified levels by
adjusting the amount of KVAR in relation to the variations in load. The system consists of a
capacitor banks subdivided into a number of equal steps, each step being controlled by a multi-
step relay and air break contactors connected to the main bus bars. Each capacitor bank
incorporates multiple single-phase cells that are wired in a delta connection for three-phase
operation.
The target value of the power factor is adjustable. The operation is controlled by load current
(CT) according to the power factor, which is determined by the demand to control on/off the
capacitors. During initial switch-on, the unit self checks the current and voltage connections and,
if incorrect, displays a fault signal. The value of each stage can be programmed in manually or if
a 'self current' CT is fitted, the unit steps through the stages and memorizes the capacitive
reactive power of each stage (learning mode). The unit can then select which step to switch to
achieve the target power factor with the least switching operations.
Where contactor switching is used, a delay is programmed in to allow previously energized
capacitors to discharge before being reconnected. Where thyristor switching is employed, this
delay is not necessary as the switching takes place at zero volts.
The auto-control of the capacitor banks ensures that over-correction will not occur.
Figure 4.13: Completely automatic power factor correction system.
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The number of stages installed is usually a compromise between the technical requirements and
cost. Studies indicate that the resulting benefits, economies and convenience of automatic system
far outweighing the initial cost.
The power factor controller can be programmed with many additional features. To protect the
capacitors, the regulators are equipped with an automatic shutdown facility in the event of excess
voltage or excess harmonics. A contact for a remote alarm may be included with programmable
delay time. The regulators should have digital display of PF, current, volts, active power,
reactive power, network harmonics and KVAR required to achieve target power factor. [25]
Figure 4.14: Standard power factor correction
4.16 Arrangement of the elements
The arrangement of the elements inside the enclosure should be easily available for maintenance
and replacement, and each element should be clearly marked according to the technical
documentation. In the project, in terms of the construction of the enclosure, following solution
was taken into account (fig below #). Elements 1,2 (violet font) these are the metal plates which
constitute panels for contactors and protection equipment of particular sections of capacitor
bank. Element no 3 represents the barrier between capacitor and reactor All the elements 1,2,3
come from the same manufacturer, taken from the same catalogue, in order to make easier
construction of next device of similar type and decrease parts diversity.
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Figure 4.15: Enclosure & Arrangement of the elements
The next requirement for the reactors is to be placed above the capacitors, since they evolve
much more heat than capacitors which is lighter and could go up causing the capacitor
temperature to rise. If one wants to place the reactors in the same cubicle, they should be
physically separated by a barrier. That is what was mentioned in PN – EN 61921:2005 Section
construction. In the project, the barrier was carried out by means of a metal plate placed between
capacitors and reactors. [3]
4.17 Applications
Automatic systems, rather than fixed capacitors, should be applied where any of the following
conditions occur:
 Electric utility rates include KVA demand billing or a power factor penalty clause.
 The facility is experiencing KVA capacity problems causing overheating of system
components resulting in increased operating costs and KW usage.
 The facility is not able to maintain a desired power factor window, especially when
extreme fluctuating loads are present.
 Sustained leading power factor problems are experienced when the electric distribution
system is lightly loaded[31]
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Chapter – 5
Limitation, Conclusion, Future work
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5.1 Limitations
This report has been prepared base on the power factor improvement plant and protection system
through which an electrical company is maintaining for power generation, transmission,
distribution related work such as installation, maintenance, protection which may give a very
good export oriented service provider several advantage than others in the same field.
Therefore, it was not possible to present a company report like-statistics, financial involvement,
costing, etc regarding the topic or the opportunity. During the report, it had to be taken care of
that the report does not contain any company confidential information and harm the organization
in their strategic stance.
5.2 Conclusion
Electricity demand is increasing in our country at every movement. There are many limitations
to installing new power plant and generate huge amount of electricity. Because our economical
problem. There are many line losses in power system. By reducing the line losses, can increase
power in the power system. Different equipment can use to reduce the line losses like static
capacitor, phase advancers or synchronous motor. This equipment is use to increase power
factor, which reduce the line losses. So, should install power factor improvement plant in power
system.
5.3 Future Work
 According to this thesis paper, enable us to build a Power Factor Improvement plant for
any power system.
 Need less current after power factor correction. Hence, annual saving can be more.
 We have knowledge about necessary equipment of power factor improvement .Which is
necessary to installing a power factor improvement plant.
 We should expect that our theoretical observation can be implemented practically install
in any kind of power station to increase efficiency of the substation.
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